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ANNQTATION

This book describes the interaction of ionizing radiation
with matter, the action of radiation on living organisms, and
the protective measures necessary in working with radicactive
materials. and with sources of lonizing radiation. Information
regarding atomic structure and nature of the interaction of

radiation with matter are presented concisely.

In view of the appearance of "Standards of Radiation Pro-
tection SRP-69" and "Principal Sanitary Rules", a greater
share of the attention is devoted to %he treatment of the more
important aspects of these documents in the third edition of
this book {(2nd edition in 1969).

This book is designed for readers with-a high school back-

ground in physics, working with loniging radiation.:

iii



FOREWORD TO THE THIRD EDITION

In view of the rapid development of atomic energy and the ever-
increasing scale of applieaﬁion of radioactive substances and sources
of ionizing radlation in wvarious sectors of the national econom§3
interest 1s growing in radiation protectlion not only on the part of
specialists, but also on the part of. the general population. This
book presents, 1n an accesslble manner, problem concerning the action
of lonizing radiation on living organlsms, as well as protective
measures which must be taken in order to eliminate adverse effects
of radiation.

After publication of the second edition of this book, "Standards
of Radiation Protection SRP-=69" and "Principle. Sanitary. Rules Govern-
ing the Use of Radioactive Substances and Other Sources of ITonizing
Radiation P3R-72" were implemented, superseding "Maximum Permissible
Levels MPL-60" and "Sanitary Rules Governing the Use of Radioactive
Substances and Sources of Jonizing Radiation SR-333-60". - As a result,

we felt it necessary to devoﬁéf@fEEfé?mﬁfEéﬁEEbﬁ'€6AEH%AEFEEEﬁghE_dff\

the more important aspects of these new documents, and to substan~

tiate the changes which were incorporated in the existing standards.

#
Numbers in the margln indicate pagination in the original foreign
text.
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Along with this, the new edition examines 1In greater detail the
biological action of ionizing radiation, action of radiation on the
human organism, the principles of dosimetric control, and a descrip-
tion of new dosimetric instrumentation. Furthermore, the third edi-
tion includes new material dealing with the biological consequences
of irradiation, the rationale leading to the establishment of per-~
missible levels of external irradiation, the .regulation of the in-
ternal use of radicactive substances, etc.

In conclusion, I consider it my pleasant obligation to express
my sincere apprecilation to Doctor of Medicine I. K. Dibobes, who

carefully read the manuseript and gave a number of valuable. sugges-
tions. !



FOREWORD TO THE SECOND EDITION [13569]

Eight years héve elapsed since the publication of the first edi- /4
tion of the book "Protection From the Action of Penetrating Radia-
tlon", published by CGosatomizdat in 1961. During this time, atomic
energy has found ever-widening applications in practically all areas
of science and technology. Atemic technoloegy has undergone continued
growth. These factors were taken into account in the present edition
of this book, whose aim 1t is to acquaint a wide group of readers
with modern concepts. of the action of radiatlon on living organisms,
permissible levels of radiation, and methods which wiill assure radia-
tion safety in working with radicactive substances and sources of
ionizing radiation. In particular, Chapter @]includes-material deal-
ing with nuclegr fission, and principles of operatlon of nuclear
reactors,

Chapters 3 and 4 present new material on the biological effects
of radiation. In accordance with the latest recommendations of the
International Commission on Radiation Protection, the principles
underliying the establishment of permissible levels of radlation are

given.
Chapter 4 presents those changes that were incorporated in the

maximum permissible levels and maximum permissible concentrations,

in accordance with the recommendations of the Permanent Commission

vi



on the Utilization of Atomic Energy for peaceful purposes of the

Couneil of Economic Mutual Assistance.

Chapter 5 includes a description of new desimefric instrumenta-
tion, which has found practical applications. Some changes dealing

with systems providing radiation protection are covered in Chapter 6.

In view of the fact that, in compariscn with the first edition,
the book has been substantially medified, we found it appropriate
to give it a new name "Radlation and Protection", which 1s in better

agreement with its contents.
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INTRODUCTION

Just as the preceding century was the age of steam and electri- /5
city, the twentieth century became the age of atomic energy, which
plays a revolutionary role and contributes encrmously to sclentific
and technological progress. At the present time, atomic energy 1s
being set up to supply the national economy of our country. At pre-
sent, it is very likely that there is not a single branch cof science
or technology which does not, in some manner, use the energy released
by nuclear transformations. Radlcactive isotopes are successfully
used in medicine, in the treatment of malighant neoplasms and other
serious 1llnesses, as well a3 in the diagnosis of a number of ill-
nesses and in the Investigation of the functicnal condition of the
organism. In industry, the quality control of products, the control
of technological processes, the determination of the structure of
alloys, verification of material separiation methods, etc., are all
done with the help of radiocactive isotopes.

The application of radioactlive isotopes has significantly in-
creased the possibility of experimental investigation of wear of
machine components and aséemblies, the behavior of lubricants in
friction areas of machines, and in the analysis of liquid and gaseous

media.

Radioactive isotopes are being ever more widely used in the con-~

trol of agriculfural pests, in the disinfestation of grain, in the



introduction of new varieties of grain, in-the acceleration of chemi-
cal reactions, the developmeht of new polymers, the Investigation of
catalytic processes, cryogeniec sterilization, binding and medicinal
bPreparations, 1in geological surveys, and in other sectors of the

national economy.

The application of radicactive isotopes made it possible not.
only to improve significantly scientific investigations 1n many areas
of knowledge, but. alsc to equip scientists with new methods of . /6

actively influencing nature.

The use of radiocactive tracer isotopes made possible the study
of new principles and the attainment of important new discoveries 1in

bilclegy, chemistry, metallurgy, and even archeology.

The Sovlet people are proud that the genius of our scilentists
was the first in the world to apply the energy hidden in the atom to
turn the turbines of a power plant and the screw propeliers of the
atomic icebreaker "Lenin". A new atomic lcebreaker "Arktik" is

being constructed at the present time.

As 1s well known, the initial application of the idea of atomic
energy utilization in the production of electrical energy was the
pperation on June 27, 1954, of the first atomic electrical péwer
plant with a capacity of 5000 kilowatts. The technical initiative
of the Soviet Union in the application for peaceful purposes of the
achievements ¢f nuclear science has found general recognition.

At the present time, nuclear technology is developing rapidly.
I{-is sufficient to state that up to January 1, 1972, 100 atomic
electric power-generating plants with a capécity of 30 million kilo-
watts [1] were put into operation in a number of countries. Thus,
the capacity of atomic power generating plants increased approximately
by 6000 times in less than 20 years. A comparable increase in the |
capacity of conventional power plants would have required approxi-—
mately 100 years. This clearly testifiles to the fact that further



development of the national economy is. impossible without progress

in the area of nuclear technology.

We are now on the threshold of the applicafion of atomic energy
in a new area of human endeavor: the utilization of nuclear-powered
devices in space. Space vehicles are already. using atomic electrical
generating plants and isotope sources of electrical and.thermal
energy. The time is not far removed when the wide spaces of the uni-
verse will be traversed by space vehicles using nuclear propulsion.

Naturally, with such widespreadhutilization-of atomic energy,
the number of people who may be exposed to the action of ionizing
radiation increases yggrlylvrlhé&efore, Just as in the large scale
use of any other form of energy (thermal, mechanical, electrical, or
chemical), the correct organization of work and the implementation

of protective and prophylactic measures assume a great importance.

It is known that the action of a large amount of thermal, mech-

/7

anical, electrical energy or of a number of chemical agents can not . ..

onty disturb the normal life activity of the human organism, but also
at times bring about 1ts death. The same occurs for certain doses

of ilonizing radiation which bring about adverse effects on the human

organlism.

It is imporfant to note that radiation has properties which make

1t neceésary to take special safety measures.

It is known that our Sensory organs are very sehsitive to
changes in the photo, méchanical, or therﬁal environment. This helps
man to orient himself in a given situation and to take corresponding
precautionary measures. At the same time, our senses are not adapted
to the detection of ionizing radiation. As a result, we cannot make
a judgment about the presence and level of radiation without special
instruments and, consequently, also about the impending danger. As.
a result, the growth of nuclear energy stimulated the development of
a branch of knowledge such as radiation safety which is devoted to
the development of an effective system of control of the radiation



levels, to the determination of permissible levels of irradiation,
to the development of collective and individual methods of radiation
brotection, and to problems of organization of work under conditions
of irradiation.:

In order to eliminate the adverse effects of ionizing radiatibn,
a special discipline and a special organization of work with' radio-

actlive substances and sources of ionlzing radiation aré required. At

the same time, the dangers should not be overexaggerated, as so@e‘
have a tendency tec do, believing that man is not protected from the

adverse effects of radiation under any working conditions.

Due to the enormous attention devoted to radiation safety by
soclety in all undertakings and at all Institutlons using radiocactive

substances and sources of lonlzing radiation, effective methods of

protecticon have been created. A8 a result, the number of unfortunate.

accidents and océupationally related illnesses is significantly lower
than in any other branch of industry. It is sufficient to indicate
that the great majority of workers are exposed to doses less than

the maximum permissible ones [2].

This book attempts to describe the nature of the Interaction of-
ionizing radiation and the protectivé measures which make work with
radiocactive substances as safe as, and in.a number of cases safer
than, any other.’ For the sake of completeness and unity of presentg-
tion, 1t seems appropriate to cover briefly the atomic structure and
.the nature of the interactlion of radiation with matter. This will
give the reader who 1is not a specialist-in radiation safety the
opportunity to review the general concepts of atomic physics and

dosimetry without reference to other sources.



CHAPTER 1

PROPERTIES OF IONIZING RADIATIOCNS

“Atomic Structure and Radicactivity

Discovered by D. I. Mendeleyev, the periodic law of the varia-- =~ /9
tion of chemical properties of elements with increasing atomic welght,
logically forces us to admit that atoms have a complex structure. It
is difficult to imagine, otherwlise, the existence of a regular varia-
tion in their properties 1f we consider them toc be indivisible, i.e.,
not having an internal structure.

The digcovery by Henri Becquerel of an invisible radiation
emitted by uranium and ifts compounds, as well as the classical work
by Marie Sklcocdowska Curle and Plerre Curie established the nature of
these invisible rays, put an end to the idea of an lndlvisible atom,
and marked the beginning of man's penetration into the secrets of
atomic structure.

Experiments by Rutherford and his students indisputably showed
that the atom, for ages considered to be the smallest indivisible
particie of the universe, had a complex structure. It is made up
of a positively charged nucleus, contalning 99.95% of the atomic
mass, with electrons rotating about this nucleus. The cross-sectional
© dimensions of the nucleus are approximately ten thousand times smaller
than those of the atom.



Further experiments have shown that the atomic nucleus also has
a complex structure and contains protons (hydrogen nuclei) and neu-
trons.* The proton has a unit positive charge®*¥*, while its atomic
mass 1s approximately equal to one*¥%¥, The neutron is a neutral 10

particle whose mass 1s approximately equal to that of the proton.

The number of protons in a nucleus 1s equal to the atomic number
of the element in Mendeleyev's table, whille the number of neutrons
is equal to the differlence between the mass number and the atomic
number. The mass number is the integral number closest to the atomic
mass of the isotope of a given chemical element. The mass number is
equal to the total number of particles (protons and neutrons) in the
nucleus. For example, the atomlic masses of potassium and uranium are
39.1 and 238.03; respectively. Therefore, the corresponding mass
numbefs are 39 and 238,

The number of protens in a nucleus determines its charge; conse-
guently, the dharge on a nucleus 1s equal to the atomic number of the
element. Since the atom is neutral in its normal state, the number
of electrons, orbiting around the atom, is also equal to the atomic
number in Mendeleyev's table.

Eldctrons are located 1in shells around the nucleus. Further-
more, each shell may have a certain specified number of electrons.
For example, the shell closest to the nucleus (K-shell) may have, at

%
The proton-neutron hypothesis of nuclear structure was first pro-
posed in 1932 by Soviet physicists Ye. G. Gapon and D. D. Ivanenko.

[T
in atomic physics, the unit of charge 1s given by the absolute
-10

magnitude of the charge on the electron, equal to 4.8 * 10 elec-
trostatic units (CGSE).
%% ¥

Atomic mass is a number which indicates the number of times that
the mass of a given nuclear particle or atom is greater than 1/12
of the mass of a carbon atom {or atomic mass unit). The atomic mass

unit is equal to 1.66 - 10*24 grams. The atomic mass of a proton is

equal to 1.00813; that of a neutron is 1.00898. The mass of an elec~
tron. is approximately 1840 times lighter than that of a proton.



most, two electrons; the next shell (L-shell) — eight electrons;
the third shell (M~shell) — 18 electrons, and so on.

A restructuring of the electron shells only ocecurs during all
chemical reactions; furthermore, only ocutermost shells are affected,
where electrons are least tightly bound to the nucleus. The nuecleus
does not take part in chemical reactions. Consequently, similar
chemical properties are common only to chemlcal elements having the
same. number of electrons in the outermost shell. Thus, the pericdilc
variation in the chemical properties of elements with increasing
atomic mass depends on the pericdic structure of electron shells.

Elements having similar chemical properties, but different mass
number (or correspondingly different atomic masses), are called iso-
topes. It 18 clear that nuclel of isofopes of one and the same. ele- /11
ment are composed of the same. number of protons and different number
of neutrons.

'Nuclear forces of attraction act.between particles constituting
“the nucleus, i.e., between protons and protons, neutrons and neutrons,
and protons and neutrons. The special characteristic of these forces
is that they are exceedingly strong at distances on the order of the

~13 cm), and decrease rapidly with increasing

size of the nucleus (10
interparticle distances. In addition to nuclear forces of attraction,
Coulomb repulsive forces exist between similarly chafged nuclear
particles — protons.' For most chemical elements, the attractive

_ nucleaf forces overcome the repulsive nature of the Coulomb force,

a factor which determines the nuclear stability of these elements.

However, the attractive nuclear forces are not able to comﬁen—
sate for the Coulomb force of repulsion in heavy elements, whose
nuclei are made up by a great number of particles. In this case,
processes of internal reorganization of the nuclei are initiated.
These processgses lead to a spontaneous change of the nuclei from a
less stable to a more stable state. This phenomenon,. discovered by
Henrl Becqguerel and investigated by Marile Sklodowska Curie and Pierre
Curie, was called radiocactivity.



At the present time, more than 40 naturally radiocactive elements,

which are isotopes of elements with atomic numbers greater than 82,
are known.. Some lighter, naturally occurring isotopes are radioac-

ho 14

+tive as well. TFor example, H3 (tritium), K c-, Rb87 (the super-

seript indicates the mass number).

More than 1000/ different artificially radioactive isotopes have
been produced presently in nuclear reactors and. in accelerators.
Many of these isotopes are widely used in various areas of science
and technclogy, medicine, and agriculture.

In the process of radiocactive decay, the atomic nuclel emit
either an oa-particle or a f-particle. In addition, as a rule, all

nuclei of a given radicactlive isctope emit particles of the same. type.

4lpha particles, a flux of helium nuclel, are composed of two
proton and two neutrons. Thus an a-particle has two units of posi-
tive charge, while its atomic mass is equal to 4. All nucleil of a
given radicactive isotope emlt a-particles of the Same_energy*: The
energies of oa~particles emitted by presently known radiocactive iso~
topes lie between 3 - 9 MeV#¥,

Beta particles — flux of.electrons or positrons¥#¥,

The first refers to electron B8 -decay,. the second — to posi-
tron B¥-decay.

*
We will not consider here long and short range alpha particles,
which are rather uncommon.

Xy

Electronvolt (eV) — unit of energy used in atomic physies. It is
equal to the kinetic energy acquired by an electron accelerated
through a potential difference of one volt; 1 eV = 1.6 -'10712'ergs;

1 keV (kiloelectron volt) = 103 eV = 1.6 -'10"9 ergs; 1 MeV (mega-
6 ev=1.6- 10f6 ergs.

Positron — particle havihg the same mass as the electron with
unit positive charge.

- electronvolt) = 10
* %%

/12



in contrast with alpha decay, different nuclel of a given radio-
active ifotope emit in B-decay, beta partloles with various energies.
At the same time, a maximum beta particle energy 1s characteristic
for a given radicactive isotope. Thus, the energy spectrum of 8-
particles is continuocus (Figure 1). The continuous nature of the
B-spectrum is due to the fact that two - L _
particles are emitted from the nucleus 7] IR
during B-decay: an electron (or positron) -
and a neutrino¥®, The excess energy of ‘
the nucleus of a'givén radicactive iso- by
tope is shared differently by the two

!
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particles. The maximum energies of the

B-spectrum produced by presently known o TR o %@@ﬁ?
radioactlve isotopes range from several

tens of kiloelectronvolts to 3.=.3:5 MeV. Figure 1. Distribu-
tion of B-particles

according to energy in

Let us consider what ocecurs in the a simple B-spectrum:
nucleus during the process of radicactive NB.?Q number qf B-
decay. The number of protons and neutrons particles; E ' — their
in the nucleus decreases by two during the energy

emission of o-particles. Thus, in a-
decay, a new element is formed, with an atomlc number smaller by two
units, and a mass number smaller by four units. For example, a new

222 226%%
element iz formed — radon RaBE during ao-decay of radium Ra88 .

The emission of electrons or positrong {from the nucleus during
‘B-decay depends on the fact that under certain conditions, one of
the neutrons of the nucleus is transformed into a proton, or one of

the protons of the nuecleus — into a neutron:

Neutrlno — neutral particle with rest mass equal to gero; it has
a Very great penetrating power.

The subscript indicates the atomic number; the superscript — the
mass number.

~



1 1 -
ng s P + e + V3

neutron proton electron neutrino

1 1 +
pl - . 1‘10 + e + V.

proton. neutron positron neutrino

An electron is emitted from the nucleus in the first reaction,
i.e., an electron B ~decay takes place. The total number of partifﬂrr \
cles in the newly formed nucleus remains unchanged, with the number
of protons increasing by one. Thus, in electron R -decay, a new

nucleus 1is formed with the same mass number and. an atomic number
209

greater by one. For example, the naturally radloactive isctope BiB3
in the process of B -decay 1s transformed into an isotope with an

atomic number of 84 and the same mass number, i.e., into Pogig.

In positron B+—decay, the proton is transformed into a neutron -
with the emission of a positron. Therefore, the newly formed nucleus

will have an atomic number smaller by one and the same mass. number.

In some cases, radicactive transformations occur without the
emission of particles from the nucleus, but with the capture of an
orbital electron by the radlocactive nucleus. As & result, one of the
protens of the nucleus is transformed intc a neutron. This process
is known as K~capture, since the capture of a K-shell electron takes
place. It is clear that'during K-capture, the newly formed nucleus
will have. an atomic number smaller by one and the same mass number,

just as it does during positron ft-decay.

In some cases, the daughter nucleus,mfafﬁéd&as a result of
radioactive decay, may be 1in an excited state. The transition of the
nucleus from the excited to a ground state is accompanied by the
emission of gamma rays. The energy of gamma photons emitted during ﬁiﬂ
the process of radiocactive decay ranges from a few kilcelectronvolts
to 3 - 4 MeV. ’

10



Gamma photons, just as radiowaves, visible light, ultraviolet
and infrared rays, as well as x-rays, are electromagnetic waves which
propagate in a vacuum with a constant velocity equal to 300,000 km/s

(3 + 10%9

nature, differ in the methods of production, as well as in their prop-

cm/s). The varlous forms of radiation, having the same

erties (wavelengths or energy). For example, x-ray radiation or, as
it 1s known, bremsstrahlen, is produced as a result of slowing down

of fast electrons.

Visible light, infrared and ultraviolet féy55 and characteristic
X-rays are'gmitted in various atomic and molecular transitions from
excited to ground states. '

Gamma quanta are emissions of nuclear origin, produced during
radioactive decay or nuclear reactions by the transition of a nucleus
frem one energy state to éﬁg&&%ﬁiﬂ Leccording to current understanding,
radiation 1s one form of mags. In the process of interaction with
matter, radiation exhibits wave as well as particle properties. Thus,
radiation can be characterized by a specific wavelength, or it can be
considered to be a beam of uncharged particles, photons or quanta,
which have a defilnite mass and energy. The photon energy

- E=thy, (1)

where h = 6.623 - 10710 ergs - sec is the quantum of action, or

Planck's‘constant, and v-1ls the freguency of radiation. It is known
that:. , ‘

(2)

where A ls the wavelength, and ¢ = 3 - 1010 cm/sec is the velocity

of propagation of radiation in a vacuum.

Radloactive Decay Law

The special characteristic of the phencmenon of radicactive
decay consists in the fact that not all nuclei of a given radiocactive

element decay simultaneously, but that a definite fraction of the

11



nucleil decay per unit time. The fraction of decaying nuclel differs
O—ll

total number of radium atoms decay per second, while 2.1 -‘10*6 of

for different radicactive elements. For example, 1.38 -+ 1 of the

the total number of radon atoms decay in the same time. The frac-
tion of atoms decaying per unit time is known as the decay constant
| 1

AL The decay constant is given in units of sec —, day*l, year_l,,etc.

1t has been shown that the decrease of radioactilve atoms with
time is given by: '

e
N Nog 5 (3)
where Nt is the number of remalning radicactive atoms after a time t;

NO iz the number of atoms of the radicactive element at some initial

time; e is the base of natural logarithms (e = 2.718)}; X is-the decay
constant. Flgure 2 presents an exponential
curve and 1llustrates the nature of the
decreasing number of radicactive atcms,
given by Equation (3). We can see that
after some time T, The number of radicac-
tive atoms decreases by a factor of 2.

The time during which the number of radio-

active atoms decrease by a factor of two

is known as the half-life T. The f{follow- . .
‘ - Figure 2. Change in

ing relationship exists between the half- the number of radioac-
1ife and the decay constant: { tlve atoms N_ with,
time t
(4)

after substitution in Equation (3}, we obtain:

A X - - B

R 1

.M=Mmfxﬂ (5)

The half life of different radioisotopes varies over a very

large range — from billions of years to mieroseconds. For example,

12
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the half life of uranium U238 is 4.5 billion years, that of radium

92
Ra§§6 — 1622 years, that of radon Rnggg

— 3.83 days, etec.

During each radiocactive decay, approximately a million times
more energy 1s liberated than during such violent chemical reactions
as combustion (during the combination of carbon and oxygen atoms),
However, the practical utilization of the enormous energy of radio-
active decay presents a difficult problem, since only a predetermined
fraction of the atoms of a given quantity of the substance decay per
unit time. The process takes place slowly, and cannot be accelerated
in any manner. In combustion, as opposed to radicactive decay,
nearly all the atoms of a given amount of material react within a

short periocd of time.

Units of Activity

In working with radiocactive substances, the pertinent parameter
is not their mass, but rather the number of emitted particles or the
‘quantity proportional to it — the number of decaying nuclei. The
concept of "activity" was introduced to quantize the characteristics
of radicactive substances. The activity of a radioactive isotope is

determined by the number of atoms decaying per unit time.

The unit of activity is the Curle, which corresponds to 3.7

10lo disintegrations per second. The derived units are millicuries-

{mCi), microcuries (pCi), nanocuries  (nCi), and picocuries (pCi):

1073 c1 = 3.7 - 207 Ggis/s;

10’6 3.7 - 10“ dis/s;

1 mCi

Ci

=

L]

[N
li

1
1nci = 1072 ci

12

37 dis/s;
Ci = 3.7 - 1072 dis/s.
I1t-should be noted that approximately 3.7 - 10*lO decays ocecur

per second in one gram of purified radium, with daughter products

removed. Thus, the activity of one gram of pure radium is close to

13
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one curie. Therefore, the activity of radium is sometimes given in
grams, since only in this case does the unit of mass correspond to a

unit of activity.

Sinece the number of radiocactive atoms decreases with time, the
activity also decreases. It -is apparent that this decrease occurs
according to a law similar to (3), that is:

O,is the activity at. some
initial time; A and T are the corresponding decay constant and

half-1ife.

where Ct is the activity after a time t, C

Nuclear Reactions and Artificial Radioactivity

The discovery of the phenomencon of radiocactivity destroyed the
myth of indivisibility of the atom, and indisputably showed the pos-
5ibility of the transmutatiocn of one element into another.

Naturally, scientists could not be satisfied only with the ob-
gervation of those nublear transformations which ocecur 1in nature.
Their efforts were directed at finding methods of penetrating inte
the nucleus. of the atom and producing its transformation. This would
bring about not only the fulfillment of the age-0ld wish of the al-
chemlsts to transform one element into another, but would also give
rise to the possiblility of obtaining an inexhaustible source of

ENETEY .

The great physicist of our time, Ernest Rutherford, was the
first to penetrate the secrets of the atom. He used alpha particles
emitted by naturally radioactive elements as projectiles to bombard
the nucleus. These particles, having enormous velocities (on the
order of{20,000 km/sec), had a finite probability of penetrating into
 the nucleus, after overcoming the Coulomb force of repulsion between
similarly charged alpha particles and the nucleus. The hypothesis

of the scientist was brilliantly confirmed. Rubtherford discovered

14
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(helium He; nuclei), a proton (hydrogen nucleus Hi) is emitted, and

that in the bombardment of the nitrogen N nuclei by alpha particles

an Oxygen 056 nucleus is formed:
NI 4+ Het - OF + HI | (6)

The formation of new elements alsc occurs in the bombardment of
Other elements by alpha particles. For example, boron nuclei are

formed from lithium nuelei:
. Lij+ Hef = B + nf; 7

siticon — from aluminum, etec.

The mechanism of a nuclear reaction can be described in the fol-
lowing manner. On penetrating 1n§pfthe nucleus, the particle imparts
its energy to all the protons aﬁd neutrons of the nucleus. A4 com-
pound nucleus 1s formed in an excited state, and a continuous ex-
change of energy ﬁétﬂeéh the nucleons takes place. If, at any given
moment, one or more of the constituent particles (protons, neutrons)
accumulate encugh energy to overcome nuclear forces of attraction,
then one or nore particles (proton, neutron, alpha particles) will
be ejected from the nucleus. As a result, a4 nucleus will be formed
with a number of protons and neutrons different from the parent one.
The lifetime of the compound nucleus is infinitesimally small, and

-13 seconds.

is approximately iO

Yor example, the penetration of an alpha particle intec an alumi-~
num riucleus, whiech is made up of 13 protons and 14 neutrons, forms a
compound nucleus with an atomic number of 15 and a mass number of 31,
i.e., an.isotope of phosphorus. The compouﬁd nucleus of phosphorus
emits a proton and forms a silicon nucleus with atomic number of 14
and mass number of 30:

AR+ Rebs Pl S 4 (6)
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It may happen that none of the particles will accumulate enocugh
energy to overcome the binding ferce of the nucleus. In this case,
the excess energy, imparted to the nucleus by the particle, will be

emitted in the form of a gamma photon. For example,
LN )

At the present time, modern accelerators can accelérate nuclear
particles (protons, neutrons, deuterons, and alpha particles) up to
enormous energies. This makes it possible to obtain a large number of
of . nuclear reactions which produce not only iscotopes of known chemi-
cal elements, but also produce new previously unknown chemical ele-
ments with atomic numbers greater than 92, the so-called transuranium

elements.

stable as well as unstable, i.e., artificial radioactive, iso-

topes may be formed during nuclear reactions.

Artificial radioisotopes, as a rule, undergo B — or 3 —decay.
Among some artificial radioisotopes, B-decay is accompanied by the
emlssion of gamma photons, provided that the daughter nucleus is-

formed in an exclted state.

Artificial radi&isotopes may be produced by the bombardment of
nuclei of stablée isotopes with c-particles, protons, -deuterons, and
neutrons. The most effective method of artificial radioisotope pro-
ductleon is the bombardment by neutrons, since these particles are
uncharged and do not require large energies to penetrate into the
nucleus, as isg the case with an a-particle, proton, or deuteron.
Neutrons of very low energies, corresponding to thermal vibrations of
atoms and molecules, the so-called thermal neutrons (energy 0.025 eV)
eagslly penetrate into atomic¢ nucleil, bringing about a regrouping with
the formation of artificial radioisotopes of the same element. For

example,

e T R PP —enmw -
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decay, it isktransformed into a stable isotope of nickel-(Nigg). In

60
27

with energles equal to 1.17 and 1.33 MeV.

The product isotope Co,. 1s an artificial radiocisotope. By B™ -

the decay process of the Co nucleus, two gamma photons are emitted

Artificial radiocactivity was discovered in 1934 by the well known
French physicists Frederick and Irene Joliot-Curie, for which they

were awarded the Nobel prize.

It -is difficult to overestimate the significance of this dis-
covery. At the present time, more than 1000 different artificial
radicisotopes have been produced. Many of these have received wide
applications, in practically all areas of’ggﬂence, ftechnology, medi-
" cine, agriculture, ete. [3].

Nuclear reacticons can 'proceed with the emission, as well as

with the absorption, of energy. The amount of energy liberated dur-
ing each nuclear reaction is a hundred thousand times greater than
that evolved during combustion. However, as i1t appeared initially,

a numcer of insuperéble ocbstacles blocked the way to the practical
utilization of nuclear energy. The essence of these consisted in the
fellowing: exoergic chemical reactions are self-sustaining. This im-
plies that only a small amount of energy is required to initiate a
chemical reacticn. In this case, some number of atoms (for example,
carbon and oxygen atoms in the combustion process) enter into a re-
action, and the evolved energy further stimulates the ongoing reac-
tion. As a result, the number of atoms entering into the reaction
increases exponentially. A chainreaction is initiated, and a quan-
tity of energy 1s evolved which significantly exceeds the energy re-

quired to initiate the given reaction.

A completely different situation exists with nuclear reactions.
It is true that a nuclear reaction?gggurs when an a-particle pene-

trates intoc an aluminum nucleus, with the production of a silicon

nucleus and the evolution of energy equal to 2.4 MeV, approximately
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seven hundred thousand times greaterithan the energy evolved during
the combustion reaction (combination of one carbon and oxygen atom).
However, the evolved energy cannot stimulate additional reactions,

as it does, for example, in combustion.

_ In order to bring about the formation of a new silicon nucleus
and the evolution of a definite amount of energy, a new a-particle

“capable of penetrating into another aluminum nucleus is required.

In view of the fact that the size of the nucleus 1is many times
smaller than that of the atom, the probability of an a-particle or
proton penetrating into z nucleus is infinitesimally small. Approxi-
mately one of every 100,000 a-particles or protoné can penetrate
into the nucleus. Furthermore, in order to penetrate into the nu-
cleus, the co-particle or proton has to overcome the Coulomb repulsion,
which increases as the particle approcaches the nucleus. Therefore,
the o-particles or protons suitable for nuclear bombardment must be
first accelerated to enormous energies. As a result, the energy used
to. produce a nuclear reaction exceeds the evolved energy and, most
importantly, does not bring about a self-sustaining nuclear chain

reaction.

During the first forty years of this century, in spite of the
efforts of sclenftists all over the weorld, the human race was as far
from the practical utilization of atomlc energy as 1t was at the

time of Rutherford's production of the first nuclear reactiocn.

However, early in 1939, a remarkableée discovery produced .a
ray of hope.

Nuclegr Fission

" After the discovery of the neutron in 1932 and of artificial
radicactivity in 1934, scientists became interested in "modern al-s
chemy", i.e., the production of new radiocactive elements by the

action of neutrons. l

18



Fermi, young at that time, attempted to obtain the new unknown

93rd element by neutron bombardment of uranium,  the 92nd element in
Mendeleyev's tablée. However, as a result of neutron capture by
uranium nuclei, not Just one, but at least ten artificial radiocactive

elements were found.

Nature presented man with a new problem. It can be considered
that a new stage in the development of nuclear physics was begun at
that moment. The possibility of utilizing the energy hidden in the
depths of thé atom became a reality.

The explanétion of the new phenomenon was: given by Frederick
Joliot-Curie and Lise Meltner. They showed that in the process of
neutron bombardment of uranium, a new type of nuclear reaction takes
place — the splitting of the uranium nucleus into two approximately
equal parts (fragments). The energy evolved during this reaction is
appreximately 200 MeV, i.e., tens of time greater than that associated

with the then commonly known nuclear reactions.

. The theory of uranium fission was worked out simultaneously and

indepéﬁdently by the Soviet scientist Frenkel and the Dutch scientist -
Bohr.

The special feature of the uranium fission reaction consists in
that, 1n addition to the two fragments, two or three neutrons are:
formed in each fission which could bring about the fission of ather
nuclel. During each of these processes, new neutrons are liberated
which, in. turn, bring about the fission of other nuclei (Figure 3).
Thus, one neutron can initlate a fission chain reaction, with the
number of nuclei undergoing fission increasing exponentially The

uranium fission reaction develops as a chain reaction. For example, f'

24

all nuclel contained in 1 kg of uranium (approximately 3 - 10 nu-—
clei) will undergo fisslon in a fraction of a second. The energy
evolved in this is equal to the energy released by an explosion of
20,000 tons of TNT, or by the combustion of 2.5 thousand tons of ccal.
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Fission
products

Neutron

Fissioh
products

Figure 3. Chalin reaction 1in uranium fission

In nuclear fission of uranium, approximately 83% of the energy
is transformed into kinetic energy of the fragments; 3% is associated
with the prompt fission gammas; 3% is carried off by neutrons at
fisgion. The remalning 11% of the energy 1s carried off gradually
by B-particles and gamma rays durlng radioactlve decay of the iso-

topes (fragments) formed at fission.

'The discovery in 1940 by the Soviet physicists G. N. Flerov and

K A Petrzbak of the ex1stence of a new form of radiocactivity —

fspontaneous nuclear flSSlOn of thé]isotOpe U235 with a half-life T

of approximately 10 7 years — had important significance in the
pursuit of the practilecal utiligation of the chain reactlion. Thus,
extraneous neutrons are noft requlred for the production of a fission
chain reaction, since they are already available in uranium as a
result of spontaneous fission.

FlSSlon chaln reactlons may be achieved by fastlas well as by
A 235

isotope nuclei. Natural

238

slow]neutrons in the |bomcardment of U

uranium is primarily a mixture of isotopes of U and-U235, wilth the

composition of U235 being equal to only 0.7%. The U238 iscotopes forn
the remainder. Therefore, in order to produce in practice a chain.
reaction, it is necessary to separate these isotEﬁéEi”@,task which,
although possible, is a rather difficult one. This is due to the

238

fact that U can be split only by neutrons with a higher energy

235

thaf- that of the neutrons produced in the fission of U Thus,
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235

neutrons formed in the fission of U with an energy on the order

of 1 MeV are primarily scattered by 238

, Which are present in much

greater numbers. The energy of the neutrons decreases gradually until
it reaches the energy corresponding to the resonance region (approxi-
mately 1 - 10 eV}. In this energy region, the probability of neutron

capture by U238

7235

nuclei increases abruptly as opposed to capture by

nuclei. The fission chain reaction initiated in natural uranium
is rapidly extinguished, since the neutrons are. primarily captured by
U238'nuc1ei without having had the opportunity to bring about fission

of additional U%3° nuclei.

U239 238'

is formed in neutron capture by nuclel of U In the

process of B“-decay, the U239 is transformed into a new 93rd element

Np239. The half-life of U239 is equal to 23 minutes.
The isotope Np239 is also unstable. In the prccess of B -decay

(T = 2.3 days), it is transmuted into an element with atomic number
94, plutonium:

(11)
(12)

(13)

Plutonium is also radiocactive. It:-is transformed by a-decay

into the isotope USSB. The half-life of plutonium is 24,000 years.

Plutonium is of interest, slnce a chain reaction can be produced
N A 235

by the action of neutro;;, just as in U

with U235, is a nuclear fuel which is used to produce atomic energy.

Thus, plutonium, along

21
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Nuclei of uranium or plutonium, having captured a neutron,. can
divide in many ways (up to 30 - 40). The mass numbers of the fission
products have values from 72 to 158. For example, isotopes of stron-
tium, barium, lanthanum, cesium, iodine, zirconium, niocbium, argon,
Xenon, and other elements are formed during fission. The most prob-

able fission results in fragments with mass numbers of 95 and 139.

Most of the fissioﬂ fragments are unstable, and as a result of
one — at times of three — successive B—-decays, are transformed into
stable isotopes. 'This decay, for some fission products, is accom-
panied by gamma emission. The half-l1ife of various fission prﬁducts
varlies over a very wide range, from fractions. of a second to many

thousands of years.

Nuclear Reactor

In the briéf survey of the development of nuclear physics from
the first experiments of Rutherford to our times, we are not attempt-
ing to recreate the biography of the atom. Therefore, we will net
touch upon a number of dramatic events, the raised:hQPe§’and‘%hé\
dashed expectations which followed from the moment of discovery of
the first chain reaction to the control of the intranuclear energy.
We will note only that the genius of man overcame the barriers placed
by nature along the road to the secrets of the atom.. At present,
atomic energy is at the service of mankind. The controlled fis%ion
chaln reaction of uranium or plutonium is carried out 4t special

installations called nuclear reactors.

Before entering into a descripticn of a nuclear reactor, we will
briefly mention the conditions that must be created in order to
achieve a self-sustaining chain reaction. The neutron multiplication
factor in fissionable material must not be less than 1. The neutron

multiplicaticn factor gives the relative size of each neutron genera-

tion formed 1In the fission of-U235 nuclel In comparison with the size

of the preceding neutron generation.
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- manner so that neutrons formed in the fission of U235 nuclel will not

In natural uranium, a chain reaction is impossible., However,
if uranium is mixed with a material which effectively slows down fast

235

neutrons formed in the fission of U , then the resonance capture of

neutrons by U238

(i.e., in.the energy range of 1 - 10 eV) will be re-
duced to a @Eghmum. In this case, some of the neutrons slowed down
to thermal énergles, i.e., corresponding to the kinetle energies of

molecular motion (approximately 0.025 eV), can produce the necessary

number of U23° nuclei fissions to maintain the chain, reaction. This
occurs because the capture probability (fission cross sectilon) by

U2'35 nuclei increases for thermal neutrons. HNeutrons which were not

slowed to thermal energles will be captured by U238 nuclei.

The slowing down of nuclel occurs in colllsions with nuclei of
atoms of any substance. The most effective moderators of neutrons
are the llght elements whose nuclear mass dlffers insignificantly
from that of neutrons (see Chapter 2). In addition, it is important
that the neutron capture cross section of the moderator atoms be as
small as possible. The best neutron moderators are heavy water,
carbon (graphite), beryllium or beryllium oxide. Water has a rela-
tively high thermal neutron capture cross section, and can be used
as a moderator only in reactors operating with enriched uranium.

Thus, having brought together a specific amount of natural
uranium and moderator, and having diétributed themlihmé certain man-
ner in space,‘We obtain an installation known as a nuclear reactor.

Natural uranium and moderator are distributed in space 1n such a

238

by wholly abscorbed by nuclel of U , but that a portion will he

slowed down to thermal energies (¢ 0.025 eV), avoiding the resenance

energy region (1 - 10 eV), and will split other U<s°

nuclei, giving
rise to new neutrons. Under such condltions, a self-sustaining

fiszsion chain reaction will be developed. An accumulation of

Pu239 oceurs in the reactor according to the above-mentioned
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reactions (11) - (13), since a portion of the neutrons are captured

oy U238 nuclei.

The part of the reactor which contains the nuclear fuel, and
which 1s the gsite-of a controlled chain fission reaction is known as

the active zone of the reactor.

The control of the chain. reactlon in the reactor is achieved by
speclal rods made from cadmium or horon. Both of these absorb neu-
trons very strongly and, by varying the position of the rods in the
reactor, it,is-possible to accelerate or to slow down the nuclear

reaction that is taking place. there,.

Depending upon the distribution of nuclear fuel and moderator
in the active zone, the reactors may be divided into two large cate-~
gories: homogeneous and heterocgeneocus. Homogeneous reactors are
those in which the fuel and moderator form a hom¢geneous mixture in
“the form of a Solﬁtion, alloy, chemical compound, or suspension.
Reactors are heterogeneous if the nuclear fuel is distributed in

the form of blocks surrounded by the moderator.

More than 30.years have passed from the 1initial operation of
the first atomic reactor by Enrico Fermi , on the tennis court in the
football stadium in Chicage. Since then, a great number of reactors
of various types, differing in size as well as in capacity (from a
fraction of a watt to millions of kilowatts) have been designed and
built in many countries of the world. However, regardless of parti-
cular construction details, the basic plan of all types of reactors

.
A1
o

remains the same. as that of the original atomic "kettle" (reactor},.

|

as 1t was earlier called.

Depending upon their purpose, reactors may be subdivided into
<several types: experimental reactors designed for the investigation
of new reactor constructicn methcds and the develcopment of various
technological methods; breeder reactors used in the production of

nuclear fuel, in particular, 5 and power reactors used in the

production of energy.
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Intense neutron and gamma fluxes are formed in the operation of
nuclear reactors. Therefore, in order to eliminate the adverse effect
of radiation on the service personnel, reactors are surrounded by
biological shields. Shielding materials include concrete, steel,
polyethylene, water, or their combinations, depending upon the con-
struction characteristics of the reactor. For example, Figure 4
gives the schematic cross
section of the thermal,
heavy water moderated
power reactor of the Ar-
gonne National Laboratory,
with a power generating
capacity of 300 kW [4].

It is necessary to

cool the nuclear reactor,

since a large amount of e
energy is liberated dur- Figure 4. Argonne heavy water reactor:
ing a chain reaction. If 1 — active zone; 2 — reactor cement

LhE Telcths HBiepatsE 18 shield with wall thicknesses of 2.6 m

/27
heavy water, it is con-

tinuously pumped out of the reactor into a heat exchanger, where it

gives up its heat to plain water. Graphite reactors are cooled by

the passage of water, other special liquids, or gases.

At the present time, the utilization of atomic energy, liberated
by nuclear fission in reactors, is primarily by way of transformation
of heat into electrical energy. To achieve this, the liquid or gas
(called a coolant) at a high temperature at the reactor exit is
passed through a heat exchanger (or steam generator). There, the
coolant gives up the heat to water, transforming it into steam at a
high temperature. The steam is directed at a turbine, connected to
a generator of alternating current. Thus, the nuclear reactor re-
places the boiler (Figure 5).
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Undoubtedly, this
method of practical uti-
lization of nuclear en-
ergy is not the best.
However, experience with
atomic power plants and
with nuclear powered ves-
sels has demonstrated
its ungquestionable
superiority over thermal

engines.

In addition, the
safe utilization of simi-
lar installations has
been demonstrated. At
the present time, the

growth of atomic power

generating plants 1is increasing steadily.

Figure 5. Schematic of an atomic elec-
tric power plant [5]:
1 — turbines; 2 — alternating current
generator; 3 — concrete shield; 4 —
condenser; 5 — circulation pump; 6 —
uranium rods; 7 — reactor; 8 — gamma
radiation produced in the active zone of
the reactor; 9 — moderator; 10 — con-
trol rods; 11 — coolant; 12 — steam
generator

For instance, the capacity

of atomic electric power plants has increased in the USSR by approxi-

mately 8 million kilowatts in the 9th fine-year plan.

The potentials of nuclear energy, as well as its economic feasi-

bility, will increase even more when installations will be constructed

capable of direct conversion of atomlc energy into electrical energy.

In this regard, the investigation into the design of magneto-

hydrodynamic (MHD) generators is rather promising.

Here, electrical

energy is produced by the passage through magnetic fields of lonized

gases, heated to high temperatures in a reactor.

The efficiency of

MHD generators can be 50 - 60%, while that of steam turbine electri-
cal power stations reaches only 35 - 40% [1].

Nuclear reactors are not only sources of energy, but are also

"producers" of isotopes.

Thus, in the process of fission of the

uranium nuclei, radioisotopes (products of the fission of uranium)

are accumulated in the reactor.

26
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areas of science and technology. Moreover, stable elements placed in
a reactor are transformed into artificial radicisotopes by the in-

tense neutron fluxes,

Man 1s exposed to the action of radiation during all‘stages;}g_f
the utilization of atomic energy, starting with the use of the_gu—‘g

clear reactor, the production of radicactive isotdpes, and ending

with the application of radiocactive tracer methods.

In order to have a correct understanding of the effect of radi-
atlon on the organism, let us briefly examine the processes of inter-

actlon of radiation with matter.

CHAPTER 2

INTERACTION OF RADIATION WITH MATTER

Radiation produced during radiocactive decay or during nuclear
reactions passes through matter, interacting with atoms and molecules

of the medlum, imparting to them its energy.

The processes of interaction with matter take place in different
ways, depending upon the type of radiation. Therefore, it is wgbth-
while to consider separately the interaction with matﬁer of charged
particles (oa- and B-particles), neutrons, and gamma pﬂo%ons.

Here, we will 1limit ourselves to a discussion of radilation with
energies up to a few megaelectronvolts, and will not fouch upon
interaction with matter of very high energy'radiation produced in
modern accelerators.
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Interaction of Charged Particles with Matter

Charged particles passing through matter gradually lose their
energy as a result of interaction wlth atomic electrons, as well as
with the electric field of the nucleus. In the process of interac-
tion with atomic electrons, the kinetic energy of charged particles
is dissipated in the ionization and excitation of the atoms of the
medium (ionization losses). In the final analysis, the kinetic
energy lost by the charged particles is transformed into thermal
energy. Interacting with the electric field of the nucleus, the
charged particie slows down and changes its direction of motion. As.
a result of such an interaction, bremsstrahlen radiation is produced.
The delreases in the kinetic energies of the charged particles 1in the
process of interaction with the electric field of the nucleus are-
radiative 1losses.

. For electrons of low and. intermediate energies (up toc a few
megaelectronvolts) and for a-particles and protons (for energies up
to a few tens of megaelectrconvolts), the primary energy losses are.
due to lonization and excitation of atoms of the medium. Two charged
particles are formed in the ionization process: a positive ion (or
atom) which has lost one or more electrons from the outer shellﬁof
the atom and a free electron. On the average, the energy expended
in producing one ion palr in.a gas does not depend on the energy of
the charged particle over a wide range of energies.

The energy required to produce one ion pair in air is equal to,
on-the average, 35 eV for a-particles, and 34 eV for electrons.

However, this guantity 1s not equal to the true ionization potential

~
o

of the atom, which is 15 - 17 eV, i.e., the energy required to strip
an electron ffom an atcm. The energy required to produce one ion
palir is determined by the ratio of the energy of the primary particle
and the average number of ion pairs;foﬁéd.by one particle over its-
entire path length. Thus, all types df energy losses (primarily due
to ionization and excitation) are included in the indicated values,
and are. counted towards the formation of one lon pair. Approximately

two or three excited atoms are produced for every ion palr formed.
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Let us consider a parallel beam of a-particles. As the beam

passes through matter, the energy of the a-particles 1s  gradually

dissipated by ilonizatlon losses. Thils process continues until the:

energy of the a-particle is reduced to such an extent that it is un-

able to produce lonization, at which time it will combine with two

electrons to form a helium atom. The
track of an a~particle is very stralight,
due to the fact that the mass of the a-
particle is approximately 7000 tTimes
greater than that of the electron. 1f, in
addition, we take into account that all a-
particles emitted by a given radicactive.
isotope have, as a rule, one and the same
energy, then the number of a-particles in
a parallel beam passing through a unit
area of an absorver wlll remain constant,
and go abruptly to zero at the end of the
range (Figure 6). The range is the mini-
mum thickness of the absorber necessary

for a complete absorption of the ionizing

A&l

Figure 6. Typical
absorption curve of
an o-particle in
matfer:
Na — number of a-
particles passing
through a 1 cm2 area
of matter per second;
d — absorber thick-
ness

particles. The number of ion pairs formed by the particle over 1its

'iénpﬂre path length in matter i1s known as the total ionization. Ob-

viously, the toftal lconization:

=3

tot W

I = = lon pairs.

(14)

where E 1s the energy of the particle, w is the average energy re-

quired to produce one ion palr. For example, an-a-particle with an

= 105 ion pairs,

- ene%gy of 3.5 MeV (3.5 - 106 eV) produces a total lonization in
air of:
T . 3.5 - 106 eV
tot 35 eV

where 35 eV 1s the average energy spent by an c-particle to produce

one ion pailr.
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The greater the energy of the par-  ;1 .- - ‘-%‘f

i

N

tiele, the greater is its range and,

consequently, the greater the total

lonization. Ranges of a-particles pro-

duced by radiocactive materials attain

L/
b 2.4 . 5. .8 . 8"

N
NN

8 -9 \cem in air (Figure 7), and several

[Energy of a-:
~iparticle, MeV

tens of microns in soft biological tis-

s -~ T f'—

Sues. Table 1 gives the ranges of o- Wéangé iﬁ-air;JCm_

particles in alr‘and-soft bléloglcal Figure 7. Dependence of
tissue for the most important radio- the a-particle range in
. air on energy b

active 1sotopes. o
TABLE 1. APLHA PARTICLE RANGE IN VARIQOUS MATERIALS
. Total
R Q= Range| Range in . X .
_Ragégggtive' Half-life particle in soft 1ongzatlon
P energy, air,| blological 107 ion
MeV cm. | Cissue, mm pairs
po2lL0 138.4 days 5.3 3.8 45 1.52
pol? 3-10-7 sec 8.8 8.6 105 2.5
Ra226 1622 years 4.8 3.3 40 1.37
Rn222 3.83 days 5.5 4.0 49 1.57
Th 32 1.4-1010 yrs | 4.0 2.5 31 114
ye38 §.5. 109 yrs 4.2 2.7 34 1.2
pu®3? 2.4-10" yrs | 5.15 3.7 43 1.47

It follows from Table 1 that the total ionization produced by
o-particles is several hundred thousand ion [pairs., Let us examine
- the variation in the specific ilonization (linear ionization density),
l.e., the number of lon pairs formed per unit path length as a func-
tion of d—particle penetration in matter,

It is apparent that the smaller the energy and, consequeﬁtly,fﬁmﬁﬂé_g

the particle velocity, the greater 1s the probability of its inter-

action with atomic electrons. Consequently the specific lonization
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increases with increasing penetration in matter, reaching a maximum
at the end of the range.. Figure 8 gives the specific ionization as
a2 function of c-particle energy.
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Figure 8., Variation in the
specific ionization along the
track. of an a-particle

Figure 9. B-particle range,

RB’ ad a function of energy E6

Let us consider o- and fB-particles of identical energy. Since
the mass of the B-particle is many times smaller than that of an o-
particle, its velocity is greater and, as a result, the probability
of 1lts interaction with matter is significantly less than that of an
d¢-particle. Furthermore, the oharge on the B-particle 1s two times
smaller than that on the aeparticlé, a fact. which further determines
a smaller probability of interaction. Consequently, the specific
That

is, a smaller number of ilon pairs is formed per unit path length of a

ionization of B-particles is smaller than that of g-particles.

B-particle with a smaller fraction of energy loss. As-a result, the
range of a fB-particle in matter is greater than that of an a-particle
of equal energy. The sSpecific ionization produced by an a-particle
in air over a 1 cm path 1s, on'the average, several tens of thousands

of ion pairs, while for B-particles — 1t is eonly 50 ~ 100 ion pairs.

Figure 9 gilves the dependence of the B-particle range RB on its
energy EB' Table 2 gives the maximum ranges of B-particles in air,

aluminum, and scft biclogical tissue.
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TABLE 2. BETA PARTICLE RANGES IN VARIOUS MATERIALS

Maximum range, cm

. \ Maximum
Ragéggggéve Half-life 8;23;2;016 In soft In
MeV ? In air bi?logical aluminum
tissue

ot 5570 yrs 0.155 22 0.02" 0.008
Nalt 15.4 nrs 1.390 465 0.72- 0.222
p32 14.3 days  1.704 610 0.92. 0.285
535 87.1 days  0.167 28 0.02. 0.01

cald 165 days 0.255 iy 0.06 0.022
o0 5.26 yrs 0.310 . 62 0.09 . 0.029
Bpo2 35.4 hrs 0.465 116 0.16. 0.056
5p89 50.36 days  1.500 510 0.80. 0.247
i85 73.2 days 0.430 93 0.15 0.044
71204 3.56 yrs. 0.783 217 0.35. 011

We can see that the range in air of B8-particles with an energy /33~

of 1.5 MeV (Sr89) is 510 cm, while the range of{#—particles with an
energy of 8.8 MeV does not exceed 9 em (see Table 1).

Scattering has a greater effect on B-particles (electrons), since
they are approximately 7000 times lighter than ca~particles.

As g result of significant-scattering, the path of B-particles
in matter is not straight, and the true path of an electron in matter
can be 1.5 - 4 times greater than its range. Decreasing the electron
energy lncreases the scattering effect. As a result of successive
scattering events, electrons may undergo significant angular devia-
tions from the initial direction, and may even move in the opposite
direction {(backscatter). Therefore, even the absorption curve of
monoenergetic electrons (i.e., electrons having one and the same.
energy) differs appreclably from alpha particle absorption curves.
Electrons are scattered even 1in passing through the thinnest of
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absorbers. As a result, in-comparison with the initial beam, the in-
teénsity is decreased. Further along, the intensity of the beam de-
creases to gero as a result of scattering and icnization losses
(Figure 10). ’

In view of the continuocus nature of the B-spectrum, the absorp-
tion curve of a beam of B-particles decreases more rapidly than the
absorption curve of moncenergetic electrons. This is due to the fact

 t@aE]B—particles of different energies are completely absorbed by

different thicknesses of absorbers. The typlcal absorption curve of

& parallel beam of B-particles is given in Figure 11.

Figure 10 Typical absorption Figure 11. Typical absorption
curve of monoenergetic electrons: curve of B-particles in matter:
N_ — number of electrons pass- R, — maximum range; d — ab-
€ . 2 8 sorber thickness

ing threugh a 1 em”™ area of mat-

fer per second; d — absorber

thickness

P

' Let NO be the number of B particles pa551ng through 1 cmgf_1 o

of abébrber area per second. Then the number of partlcles trans-

mitted through a thickness 'd ¢m of absorber is approximately equal to:

pﬁcharacterizes the relative decrease in the flux of B-particles
after transmission through an absorbing layer 1 cm thick.

The range of a- and B-particles in any given material is ap-
proximately as many times shorter or longer than their range in air
as the density of the given material is correSpondingly‘greater or
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smaller- than the density of air. For example, the range of a- or
B-particles in soft blologlical tissues 1s approximately 770 times
smaller than the range in air, since the density of these tissues

(p N 1 gm/cms) is approximately 770 times greater than the density

of air (0.001293 g/cm3)-

Very frequently, the thickness of the absorber is expressed not
in centimeters or millimeters, but in units of gm/cm2 or mg/cm25 l.e,

indicating the mass of the absorber corresponding to 1 cm2 of its

Surface.

.
e

_ If the thickness of the absorber is known in these units, then
in order to determine 1its thickness in centimeters, it is necessary

to divide the indicated value by the density of the given absorber.

- Thus, the range df the B-particles is O.SM‘gm/cmg. Left us determine

its range in centimefers in aluminum, whose density is equal to

2.7 gm/cm3:

0.54 g/cm§‘= 0.2 em
2.7 g/cm
The convenience of measuring absorber thicknesses in the above-
mentioned units consists in the fact that ranges of o- or B-particles
of a glven energy have approximately one and. the same values (in
units of gm/cme) in different materials.

Interaction of Neutrons with Matter

In passing through matter, neutrons representing a flux of un-
charged particles interact only with atomic nuclei. This prccess is
analogous to the ccliision of two billliard balls. A billiard ball
moving at high speed will transfer part of its energy to a stationary.
ball on colliding with 1ft, and will change 1ts original direction of
moticn. Irom the laws of mechanics, 1t 1s known that the greater the
mass of the stationary ball, the smaller the fraction of energy that

]
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wWill be transferred to it during the collision. If the masses of
the colliding balls are equal, then the average loss by the moving
ball per collision will be half of its energy. '

Neutrons, having a definite energy reserve, interact with nuclei
of matter in an;aggidgous manner, transferring part cof thelr energy
andkgégggigg fhelr direction of motion,__Th}a;p%pcess is known as
elastic scattering. Atomic nuclel which receive as a result of the
collision a specific amount of kilnetic energy (recoil nuclei) are
"ejected" from the electron shell and pass through matter producing
ionization (since they are charged). The smaller the mass of the
nuclei of the medium which is traviersed by the neutrons, the greater
the fraction of energy that is lost by neutrons in the process of
elastic scattering. ¥Neutrons lose, on the average, half of their
energy‘per scéttering collision with hydrogen nuclei. With carbon
nuclei, this is reduced to approximately 14 - 17%, and with argon
nuclei — to not more than 8 - 9%. Therefore, as mentioned previously, /36
light materials such as deuterium, plain or heavy water, carbon, par-

affin, or beryllium make the best neutron moderaters.

"In the process of elastic scattering, the energy of the neutron
gradually decreasés and approaches the energy of thermal motion of
the atoms and ‘molecules | of the medium, egual to approximately 0.025
eV. These are thermal neutrons. The number of collisions with
hydrogen nuclei must be equal to 201 in order to slow neutrons-ﬁ6 i i
thermal energies from an initial energy of 1 MeV., That is:

fﬁm;gﬂ;ég\
oosgyl

It follows that 4 - 107 = 2n, and n = 25, 1.e., 25 collisions will be

reguired. The neutron energy is reduced to 0.025 eV after 100 colli-

sions in carbon, while 2100 ccllisions are required in interactions

"with uranium hiclei. This process l1s completed within 10_6 seconds.
The trajectory of neutrons in matter is given by a bf@keﬁ line with
straight portions 8 - 10 cm in length. The straight portion is ~ 1 cm

if the energy is reduced to 100 V.
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7 1nversely proportlonal to its| velocity, or its E

Thermal neutrons will continue to wander in matter until thelr
capture by one of the atomic nuclei. As a result, the following

nuclear reactlon takes place:

Xz-l—ﬂo (16)

A product isotope 1s formed with the excess energy of the'nucleus
given up in the form of a gamma photon as a fesﬁlt“of this reorgani-
gzation. This type of interaction 1s called radiétive capture. Arti-
ficial radioactive isotopes are obtained by means oflphgﬁabOVe—
mentlioned reaction in nuclear reactors where intense:néﬁtrbnfluxes
are produced.

Prior to capture by the nucleus, the thermal neutron experiences

approximately 50 collisions in the medium. The 1ifetime of a thermal

neutron is 2 - lOf& seconds. Not only thermal but also fast neutrons
may be captured by atomic nuclei. As-a result, a nuclear reaction
will occur,. and -an alpha particle, proton, or neutron may be ejected

~
-1

from the nucleus. The excess energy is given up 1n the form of a

gamma photon:
X§ ﬂo—* XZ-—I +P| +T. i.
:XA+ no->-Xz—z+a+7.
X4 mo X+ | (17)

A nueleus of a new element 1is formed by means of the first two reac-
tions, while as a result of the third reaction, we will again.obtain
the initial nucleus, but with an emitted neutron of different energy.
Therefere, a reaction of the thilrd type is called Inelastic scatter-
ing. The process of lnelastie scattering has a relatively large
provability for many atomlc nuclei from the middle or end of the
periodic table of elements. The probability of neutron capture by
nuclel w1th the formation of the isctope of the initial element is
1/2

(E 1s the neutron
energy). Comparing the process with the collision of billiard balls,

‘it is apparent that the smaller the kinetic energy (velocity) of the

moving ball, the greater the probabllity that 1t will come to a stop,
after collision, in the vicinity of the stationary ball, as if
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sticking to it. However, if the neutron energy is close to one of
the energy levels of the excited nucleus, then the probability of
neutron capture by the nucleuS'increaseé sharply. This process 1is
called resonance capture. <Dne of the reactions of the above-men-

tioned type takes place as a result of this capture.

. The probability of various types of neutron interactions with
nuclel depends on thelr energy. Therefore; neutrons have been
divided arbitrarily into three groups: fast neutrons (500 keV < E <
i0 MeV); inftermediate neutrons (0.5 eV < E < 500 keV), and thermal
neutrons (E g 0.025 eV).

The primary Interaction process for fast neufrons is elastie
scattering, although other interactlion processes are also possible
with a significantly reduced probability (inelastic scattering,

nuclear reactions, and radiative capture).

With increasing energy, the probability of inelastic, in.com-
parison with elastic, scattering increases from 10 MeV until the role
of inelastic scattering becomes greater than that of elastic scatter-

ing in neutron interactions with matter for E g 20 MeV,

~
oo

Inelastle scattering as well as radiative capture are the most
characteristic modes of interaction for intermediate neutrons. It
should be noted that the probability of rescnance capture sharply in-
creases in the energy range of intermediate neutrons. BRadiative cap-

ture is the most probable interaction for thermal neutrons.

The concept of "effective cross sectlon" ¢, measured in units of

cmz, 1s introduced to characterize the probability of interaction of
neutrons with nuclei. The effective cross section of elastiec scat-

tering is equal to 1 - 3 - 10f2u,cm2; and increases Wwith increasihg

atomic number of the medium. Let us examine the interpretation of
the concept of "effective cross section". Let Us assume that the

10—24 2"

elastic scattering ¢ = 3 cm .- This implies that if 3 - 1023
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nuclei are distributed over an area of 1 cmz, then each neutron which

passes through this surface experiences an elastic scattering inter-

action. Or, if only one nucleug 1s located per 1 cmg, then 3 1023

neutrons have to pass through this surface in order to produce a
single elastic scattering process. The effective cross section for
~thermal neutrons varies over a wide range for different elements,
e g g e e e .

from v 10?24 toylo 2¥M2m2.

Let us consider a narrow beam of neutrons falling perpendicularly

0

trons incident on l_dm?ﬁﬁ%r second. After passage through a.certain

on the surface of a layer of matter. Let N, be the number of neu-

thickness of matter, the number of neutrons will decrease as a result
of various interaction processes. The attenuation law of a neutron

beam by a layer of matter with thickness d c¢m can be given by:

Ny=Noe™™!, (18)
where Nd — neutron beam after transmission through a layer d thick;
n — number of nuclel per cm3 of matter; o — effective neutron

interaction cross section with nuclei. The effective interaction
cross section is the sum of all possible types of interactions (in-
elastic and elastic scattering, radiative capture, etc.). The aver-
age distaﬁce traversed by fast neutrons in matter between fwo colli-
sions is ¥known as the mean free path of scatteringrks. The thick-

cf matter which reduces the neutron flux as a result of absorption
by a“factor of e (e = 2.718) 1s known as the mean abscrption length
-Aa' it is assumed in this case that scattering does not occur.

Sometimes this guantify 1s known as the relaxatlon length.

Summing up, it can be noted that either charged (recoil) par-
ticles¥* which produce ionization directly or gamma photons which pro-

duce ionization by méans-of‘secondary particles are formed in all

interaction processes of neutrons with matter.

#
Charged particles (protons and alpha particles) are also formed
during nuclear reactions.
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In the process of transmission through matter, gamma photons
Interact with atomic electrons, nuclear electric fields, as well as
with protons and neutrons constituting the nucleus. These interac-
tlons produce the attenuation of the iIntensity of the original beam

of gamma rays. The beam intensity is defined as the energy flux per

second, per 1 cm2 of area perpendicular to the direction of propaga-
tion of the beam.. The intensity is measured in units of ergs/

2 ) -

(cm sec), MeV/(cm2 - sec) or, correspondingly, by keV/(cm2 - sec),

eV/(cm2 - sec).

If the beam of radiation is made up of phofons of one and the
same energy, then the radiation is monoenergetic. 1In this case,

the intensity is given by:
I=Ntv | (19)

where N is the number of photons passing through a 1 cm2 area per
second. If the radiation beam is made up of photons of different,

but completely discrete, energies hv hvz, hv3, etc., then the

l}
spectrum of such radiation is called discrete. In other words, a
discrete spectrum Is made up of a number of mencenergetic spectral

lines. The intensity of a discrete spectrum is. given by;
e e s (20)
where Nl’ N2, H3, s eey Nh is the number of photons passing through a

hv hv “ vy hvn

1 cm2 area per second, having energles of hvl, o5 3>

Nuclear protons and neutrons, just as atomic electrons, may have
well defined energy states. As a result, the spectrum of y-rays, /JU0

—_—

~Jjust as that of characterlstic rays, is discrete.
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In the interaction of y-rays with atomic electrons, the de-

creased intensity 1s due primarily to the photoelectrlc absorption,

Nuclear reactions of variocus types are produced as a result of
interaction with nuclear protons and nuutrons. These are called

rhotonuclear reactions.

Photoelectric absorption. Photons can transfer all of their

energy to atomic electrons in the process of interaction. As a re-
sult, the photon disappears, and its energy is exzpended in stripping
the atom of an electron, which also receives kinetic energy. In this
process, the energy of the photon, as a rule, is transferred to the
electrons closest to the nucleus, i.e.,; to those in the K-shell. The.
probabllity of photoelectric absorption depends strongly on the

atomic number Z of the material,. With increased atomic number of

the absofber, the probability of photoelectric abscrption increases

proportionately to Zu. The probability of photoelectric absorption

sharply decreases wlth increasing energy.

Incoherent (Compton) scattering. Thils interaction process is
analogous to the collisian of two billiard balls. That is, the pho-
tons interactihg with atomic electrons transfer to them part of their
energy, while being scattered at some given angle. 1In contrast with
photoelectric absorption, when the photon interacts primarily with
K-shell electrons, in incoherent scatterling, photons interact with

outer (valence)} electrons whose binding energy is minimal.

The reduced beam intensity, as a result of lncoherent scattering,
is due to the fact that photons interacting with electrons of the
medium are scattered in varlous direction, and leave the initial beam..

In addition, photons transfer part of thelr energy to the electrons.
With Increasing energy of the radiation, the probability of

incoherent scattering decreases, but more slowly than that of photo-

electric absorption. The probability of the process increases with
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increasing atomic number of the absorber, proportionally to Z, l.e.,

approximately proportionally to the absorber density.

Pair production. In the process of photon interaction with

electric fields of atomlc nuclei of the absorber, two partilcles —
an electron and a positron — are formed. This is accompanied by
the disappearance, or, as it is called, by the annihilation of the
photon. . ‘

Pair production occurs only 1f the photon energy exceeds the sum
of the equivalent energy of the rest mass of the electron and posi-
Lron.. It is well known that the rest masses of the electron and
poslitron are the same, and are egual to 0.511 MeV. Thus, palr pro-
ductlon takes place only when the photon energy exceeds 1.022 MeV.

The probability of palr production increases with increasing

2

photon energies, and 1s proportional to Z of the absorber.

Thus, In all interaction processes between y-photons and matter,
part. of the energy of the radiatlion is transformed into kinetic en- |
ergy of electrons which pass through matter,. producing fonization.

The probability of each of the indicated processes of interaction of
Y-Trays withhmatter depends on the energy of the y-photons and atomic

number of the absorber.

Photoelectric absorption is important for low energy y-photons
and in materials with high atomic number. At y-ray energies on the
order of 60: keV in air, water, and biological tissues, photoelectric
ébsqrptibn constitutes 50% 6f the total absorption. At.an energy of
120 keV, photoelectric absorption constitutes only 10%Z. At energies
above 200 keV, this process may be neglected since, 1n this case,
the primary process of interaction which reduces the intensity of y-
rays in matter is incocherent scattering. For materials'df inter-
mediate atomic number (iron, copper), the portion due to photoelec-

tric absorption becomes insignificant for energles greater than 0.5
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MeV. For lead, it becomes necessary. to take into account photo-
electric absorptidn up to energles on the order of 1.5 - 2.5 MeV.

Pair. production begins to have scome significance in matter with
small Z at approximately 10 MeV, while for matter with high Z (lead)

— at 3.5 MeV, and nigher.

In view of the fact that the energy of y-photons emitted by most

of the radicactive i1sotopes does not exceed 2 MeV, the most important.

processes of interaction for the Solutlon of practlcal problems of
protection are photoelectric absorptlon and 1ncoherent gcattering.
The attenuation of y-rays in matter 18 greater for photons of lower
energies and for absorber of higher density and atomlic number. If

IO denotes the intengity of the radliation at a point K in the absence

of an absorber (Figure 12a), then S o
the intensity of the y-radiation RS 7fﬂf"ﬁ:-f7” ot -

: i B R 77 7 S 7 R
beam after traversing a layer of . i by % e % ‘ Z X

the medium 4 cm thick (Figure i

12b) will be eqgual tp:, Ei¥ -€2Z%2%;Igf7 ;?7

T I e

NS

*

L=Te™ | (21) — o
R Figure 12, Diagram of a narrow)
where U is the linear attenuation beam of y radiation passing|

. ‘through matter. |
fLCOefflclent\(cm )- characterizing

the relative attenuation of yv-radiation in a layer of the medium 1
cem thick.

Figure 13 gives the attenuation curve of y-radiation beam as a
function of absorber thickness. It is clear that the curve does not
intersect the abscissa; Instead, it monotonically'approaches the
axis for lafge thicknesses. This implies that‘whatever the thickness
of a materlial, 1t 1s impossible to completely absorb the y-ray flux.
I1¢ is only possible to reduce'its intensity by a given factor. This
represen@ﬂ a material difference in the nature of attenuaticn between

y-photons and o- and B-particles, since for the latter it is always

possible to select a thickness of matter which will completely absorb’

the flux of o~ or B-particles,
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It follows from Figure 13 that the 'ﬂ‘qr;;uj“JV‘
intensity of the beam is decreased by a IR
factor of two, i.e., is-0.5 IO after

traversing a layer of mattér AO 5 thick.

"The thickness of the absorber necessary

to reduce the flux of the y-radiation i
by one half 1s known as the gamma-ray '

half-value layer. The following relation- . .
ship exists between the linear attenua- bt byl
tion coefficient and the half-value layer: Fligure 13. Dependence

of attenuation of y-
radiation-inftensity I

P 22

Knowing the half-value layer, it is rather easy to determine
the thickness of absorber necessary to attenuate radiation by a given
factor. For example, one half-value layer reduces the intensity of
radiation by two, two layers by four, three layers by eight, four

layers by 16, n layers by o™, Thus, for example, in order to reduce:
the inﬁ%@sity by a factor of 128, 1t is necessary to take a number of
n half-value layers, such that:

2 = 128,

In other words, it 1s necessary. to determine the number of times
2 is a multiplier in 128. It 1s easy to.show that in this case,
n =19, 1.e., seven half-value layers will reduce the intensity of.
radiation by a factor of 128.

The thickness of the absorber necessary to reduce the intensity

of radiation by a factor of 10, i.e., I = 0.1 I,» is known as the

tenth-value layer, and 1s denoted by A (see Figure 13). It is

0.1
clear that n tenth-value layers of the absorber are required to re-
duce the radiation by a factor of 10®. The following relationship

holds between the tenth-value layer and the linear attenuation

coefficient:
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(23)

The above-mentioned formula (21) gives the attenuation law for
a narrow y-beam. 1In this case, exXperimental conditions are such that
the radiation detector located behind the absorber does not record:: iﬂi
scattered photons. Narrow beam geometry may be produced only under
laboratory conditions by means of a specially collimated beam of
radiation. In-practice, there are usually no special_collimators
between the radiation detector and absorber. Scattered photons 1m-
pinge on the recording detector (Figure 14). In this case, a broad
Beam geometry 1s produced,

It i1s cilear that for a given thick-

ness of abscrber, a smaller attenuation of

the radiation intensity'will occur under

conditions of broad beam gecmetry. The

attenuation for broad beam geometry is. Flgure 14, Diagram of
. ) ) y-radiation broad-beam
glven by: o . - geometry:
;IéfQé'“fBUw;Hd,ZL~ (2A) 1 — radiation source;
o 2 — absorber; 3 —
detector

where B(hv, pd, 7} is the buildup factor ...
which takes into account the change in the
intensity of" y-photons due to scatter. The buildup factor depends
on the energy of radiation, thickness, and atomie number of the

absorber,

Under broad-beam géometry, photons traversing matter éﬁﬁéﬁlﬁngeﬂ_}

‘one or more scattering interactions, and fall on the detector instru-
mentation at various angles. It i1s clear that in tﬁis case, 1t-is
rather difficult to speak about the intensity of radiaticon. 1t fol-
lows from the definition that the intensity is the energy passing

per second through a 1 cm2 area perpendicular to the direction of
propagation of the radiation. Conseguently, in order to determine
the inténsity of scattered radiation at some point in space, it is
ne@éﬂsary to know the angular distribution of scattered photons.

- This distribution depends not only on the energy of radiation and
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thickness of the absorber, but zlso on the configuration of the ab-

sorber and detector of radiation, and thelr relative location in

Space. Therefore, in the invéstigatibn of attenuation laws of a

broad beam of radiation, it is more convenient to use the concept

~of dose (see Chapter 3} and not intensity, especially since most of

the dosimefry instrumentation measuresiggﬁgjrather than intensity. d éﬁg
It Py is the dose rate (dose per unit time) of radiation at a given |
point in the absence of an absaorber, while P is the dose rate of

radiation at the same point after passage through a thickness d of

the absorber, then:

3 -_ S i v ¥ ..'. - :
= Pye™ Bp{hy, pd-Z) (25)

where BD(hv, ¥d, Z) 1s the dose buildup factor, which takes into ac-

count the contributlion of the scattered radiatlion te the dose rate
after passage of the y-radiation thrcugh the absorber under broad

beam geometry.

Pligure 15 and Table 3 give examples of the dose buildup factor /46

in water and lead for y-photons of various energies [6 - &].

To a sufficient degree,of-accuracy, the dose bulldup factor can
be represented by:

-Bo_.(it\;, Pd Z) ; A: eﬂ'w-l—.ilgf'*"“',] : (26)

where Al, A2 =1 = Al, 0y, Gy are constants dependent upon the energy

of radiation and atomic number of the absorber (6, 9, 103.

Substituting the analytical expression for the buildup factor
in Formula {25), an equation will be obtained for the magnitude of
the dose of y-radiation, after passage through a thickness d of ab-
sorber, which also takes into account scattered radilation:

(27)

P——= jju[ A‘e-p (l:l—u;)d+ Aze...p-?l +a,A)dT. l
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As mentioned previously, the

attenuation of the radiation in-

tensity is due primarily to photo-

electric absorption, incoherent
scattering, and{égif}production.
Therefore, the linear attenuation
coefficient u can be represented
by:

e

(28)

i

where T, o,ﬂx are the relative

decreases in radiation intensity
due to photoelectric absorption,
incoherent scattering, and pair

production, respectively.

In the region of radiation
‘where pailr production does not
rlay a significant  role, for

example, for EY up to 3 MeV for

lead, and up teo 10 - 20 MeV for

water, aluminum, and )

biological tissues, we

TABLE 3.
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Figure 15. Dependence of dose

bulldup factor B on a layer of

water, d thick, for a broad

beam of y-radiation of wvarious
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i.e., attenuation of radiation is due to incoherent scattering

only.

Pigure 16 gives Qurves showing the variation of u, ¢, x, and t

for lead, and their dependence on energy of y-radiation.

With in-

creasing energy of y-radlation, the attenuation coefficient u ini-
tially decreases, passes through a flat minimum at an energy approxi-
mately equal to 2.5 - 3.5 MeV, and then gradually increases in the

energy region where pair preduction begins to play a major role.

Since ¥ is proportional to approximately the square of the atomic
-number of the absorber, the increase of the attenuation coefficient

W of light elements (with low Z) begins at significantly higher

energies, .
For water and aluminum, ?ﬂ'3'ﬁ" Sl - A T
s o R SIS IE ) 0w = ) By b
some increase in U begins at ,ﬂ LR }\\_ : ﬂ./,,ﬂf* T
. - %wyf% : 1 P e o O B O s
energies on the order of 30 - Jm~pim \C\g,«”'.-;_ B g N R N
SN B e e
40 MeV. S " x| %
=R 3 S0 o N .- A I B -
For monoenergetic radia- .E'ta - \:i.//; 4 fﬁﬁf;;;;“ o
tion, the attenuation coeffi- e TN T T =1
. [TE I ~ | | T . e R
clent depends only on the Bl 0 1z 3 4.5.6 7.8 9 01 2B
energy of radiation, atemic R rEnergy,_MeV\ Yoo
number, and dehslty of the Figure 16. Dependence of u, T,

absorber, and does not de-

pend cn its thickness.

radiation:

g, and yx of lead on energy of y-

1f, however, the radiation spectrum 1s not monoenergetic, i.e.,

1t is constituted by phetons. of various energles

tlon may be con51dered monoenergééie w1th sonme effectlve enérg

then this radia-

v E

‘—and effective - attenuatlén coefficient u eff Attenuatlon laws are

eff A

5till given by the same'equations valid for monoenergetic radiation.

However, in contrast. with u, the effective attenuation coefficlent

Haorr depends not only on the energy of radiation and type of absorber,

but alsc on its thickness. This is due to the fact that various com-

ponents of the non-monoenergetic spectrum of radiation ‘dare. absorbed
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differently in passing through
» the aQSOrber. Consequently,
‘the spectral composition of
radiation changes with thick--
hess of the absorber. Silnce
photons of low energies are
attenuated more strongly, the
portion of higher energy
photeons increases with in-
The hard-

ness of the radiation increases

creasing thickness.

while Hopp correspondingly de-

creases. Filgure 17 shows the
nature of the change in the
effective linear attenuation

coefficient Hopr and y-radia-

tion from the radicactive iso-
'1_tqpes 1r'?? and radium as a

o 7\ T T T T
-l 1~ \ T - - : -
% "\ ‘
sl | ~_ [IF" -
b ¢ T —
=0 T - =
‘ 1.2 8 &5 . 6 7T 8
d,cm
Figure 17. Variation of the ef-

fective attenuation coefflicient
ueff as a funection of lead ab-

sorber thickness 4 for y-radia-

tion from Ir192 and a radium
source«in equilivbrium with its-
daughter decay products

function of thickness of a lead absorber [6].

The values of attenuation coeoefficients, as well as those of

coefficients A, Aq . and Gy in the analytical expressiocn for buildup

factors of y-radiation of various energies and various absorbers are.

given in many becoks and reference handbooks [6 - 11].

48

~



CHAPTER 3

RADIATION DOSE AND} BICLOGICAL EFFECT

The living organism is a product of the environment, being con-
tinually subjected to the actidon of favorable, as well as unfavorable,
external factors. This circumstance contributed by evclution to the
formation in living organisms of various adaptive mechanisms which
allowed them to become adapted to external influences. It also led
to the formation of receptors which reacted in a definite manner to
the actions of the surrounding medium, and helped mobilize the de-

fensive capabilities of the organism.

The adaptive mechanisms formed by evolution in living organisms,
'including man, provide for a normal life activity and interaction

with the external environment.

However, situations may arise in nature or during the course of
productive actlvity of man when the action of one or more unfavorable
factors may sharply increase. The defensive system of the organism
may be unable to cope with these factors, leading to a disruption of

its normal life activity or to its destruction.

Uncovering the secrets ?f nature, man learned to determine and
to differentliate a series of unfavorable factors by their nature and
degree of actlon on varilous systems of the organism. Man developed
and continues to develop complex defensive and prophylactic measures

which either eliminate or weaken these factors.

In the development of defensive measures, it is important to
know that normal level of action which will not have adverse effects

on g given individual or pepulation. As a result, efforts of

scientists are directed not only toward the study of the effects of |

various adverse factors on living organisms, but also on the scien-~

tific substantiation of the permissible threshold levels of action /50

which will not produce adverse effects.
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Soon after the discovery of x-rays and radloactivity, it was
determined that radiation is not without effect on man, and that
under certain conditions, it brings about éerious irreversible pro-
cesses in the organism, having at times lethal results. Naturally,
these facts atfracted the attention of scientists to the investiga-
Tion of the mechanism of action of this new harmful agent, to the
establishment of the principles of action of ionizing radiation on
living organisms, and to the determination of permissible levels of
radiation.

Biologiecal Action of Ionizing Radiation and

Relative Biological Effectiveness

Penetrating through matter, o- and f-particles, ry-photons,

neutrons, protons, recoil nuclei, land heavily charged {onsjjusually

known as penetrating or ionizing radiation, expend their energy pri-
marily by ionizatlon and excitation. It -has been established that
approximately two or three atoms are exelted for each icn pair pro-
duced. It should be noted that charged particles (oa- and B-particles,
protonsg, recoil nuclei, heavily charged 1lons) produce iconization
directly, while neutrons and y-photons do not produce ionization
directly. The latter, in the process of interaction with matter,
produce charged particles (recoil nuclei or electrons) which receive
all or part of their energy during each. particular interaction.'® The
charged particles formed during the interaction produce ionization
in passing through matter. '

If is known that the lifetime of ionized and excited atoms 1s

6

negligibly short — on the order of 10~ sec. Positive and negative

e
[

ions, colliding together, recombine (rejoin) forming neutral atoms
or molecules. In simple gubstances, whose molecules are made up of
atoms of one and the same element, molecules of the original sub-
stances are formed during recombination, and nc changes are produced

in thely chemical constitution as a result of ionization.
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However, the ionization or excitation of complex molecules may
lead either to thelir destructilon or to the formation of chemically
active free radicals. with unsaturated bonds. The latter may initiate
a number of chemical reactions as a result of which new chemical com-
" pounds will be formed. For example, in. aqueous solutions, atomic

hydrogen and OH, HO and other radicals are formed. Thus, in com-

2}
plex substances, changes in their chemlcal propertiles occur as a re-~
sult of_ggglagﬁipgiaf radiation, either directiy (disintegration of

mclecules) or indirectly (formation of free radicals). The more com-

plex the matter, the more complex are the processes produced in 1it.

In biological substances, the formation of free radicals or the
disintegration of molecules leads. to changes in biochemical probesses
in organisms. As a result, exchange processes are disrupted, enzyme
activity 1s suppressed, and tissue growth 1ls either slowed or stopped.
Thus, the vital actilvity of 1solated systems or of the organism as a
whole may be disrupted by the action of ilenizing radiation. It is
clear that the greater the number of ionizing events occurring in an
organism as a result of radiation, the greater will be its-bioclogical
effeet. Consequently, the biclogical action of radiation depends on
the number of ion pairs formed or on the directly related quantity —
the:absorpplon of energy.i'ih

However, it is not only the total energy absorption of radiation
that- determines the biological effect of the ionizing radiation.

Numerous experiments have shown that the biological effect increases
with the linear energy transfer (LET) of the radiation. That is, it
depends on the linear density of ionization, i.e., on the number of
ion pairs formed per unit path length of the radiation in matter.

For example, if the eye is dirradiated by a flux of electrons and
neutrons which produce the same ionization in the crystalline lens,
cataracts will be formed in the lens irradiated by neutrons, since /52
the latter produce recolil protons having a greater specific ioniza-
tion than electrons. As - a result, the concept of relative biological
effectiveness (RBE) was introduced to evaluate the blologlcal effect
of various types of radlatlon.
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The greatest amount of data on the bloleogical effect of varicus
types of radiation was initially obtained from the irradiation of
animals by x-rays with an energy of up to 250 keV, and from occupa-
tion exposure of radiocloglsts. It was decided, therefore, to esti-
mate the bleologlcal effect of radiation by comparison with the bilo- &

! logidal effect produced by k~rays and gamma rays- of the indicated
energies. In this case, the specific ionigation produced by second-
ary. electrons is ~ 100 ion pairs per 1 um path length in water. The
corresponding LET 1s 3.5 keV per 1 um in water [12].

It -was later shown that the biological effectiveness of x- or
y-radiation 1s practically independent of the energy of the,photon.
Therefore, the RBE of x- or y-radiation of &all energies is equal to 1.
It is clear that the RBE of B-particles (electrons) and y-photons is
the same, since the ionizing effect of y-photons 1s produced by
secondary electrons formed in the process of interaction of y-

. radiation with matter.

Thus, RBE is a number which shows how much greater or smaller
the expected blological effect of a given type of radiation is than
the biclogical effect of x- or y-radiation under similar conditions
of irradiation and equal energy absorption in the irradiated
substance.

It is considered that the RBE of fast neutrons is equal ftc that
of a-particles and protons. Thils is due to the fact that hydrogen
atoms constitute more than 90% of all fthe atoms 1in biologlcal tissues.
As-a result, the action of neutrons on an organism is due to iohiza-

tion produced primarily by reccil hydrogen nuclel, i.e., protons.

It was mentioned in Chapter 2 that thermal neutrons are captured
by atomic nuclei in their péssage'through matter. As a result,
elther stable or radiocactive isotopes are formed. In biological
tissue, the two most important reactions which determine - the action
of thermal neutrons are: : - /53
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Hl+”0""'Hl+Tv t_ (31)
N}‘+ng C”+H. _ (32)

As a result of Reaction (31), hydrogen nuclel capture thermal
neutrons and are transformed into nuclei of heavy. water, deuterium,
with the emission of y-photons. Reaction (32) leads to the formation

of carbon nuclei with the emission of a hwdrogen nucleus — a proton
5of a q§§;g;gg_energy. ;. , C‘6Ll nuclel are radiocactive, emitting B-

particles, and turn into g stable isotope of nitrogen:

" oG ey N 133)
Thus, the iconization of tissue by the action of thermal neutrons

is due to y-photons and protons (hydrogen nuclei). Since the cross

sections for these reactions are different, the amount of nitrogen

in tissue 1s much less than that of hydrogen. The specific ioniza~

tion is not the Same.either due to the - Y- phogdﬁ_éhagﬁfagon }

Thus, the EBE furns out fto be equal to 3 for thermal neutrons.

It is clear that the RBE depends not only on the type of'radia—
tion, but also on 1ts energy. For example, a-particles or protons
of a few|MeV 1In energy produce a significantly greater specific

ionization in matter than at an energy of a few hundred MeV.

It should be noted that the RBE depends also on the duration of
irradiation. Experimental data show that the RBE is greater for
long-term irradiation, rather than for short-term. 1In localized

irradiation, the RBE depends .also _on_which organ or|igroups of| -
organs are exposed to radiation. We-do not have the opportunity to
discuss here 1in detail the varlous aspects related with the problem
of the REBE and to analyze numerous experimental data.’ accumulated up
to the present time. This 1s not the objective of this book. It is
clear that additional,. more solid justification for the maximum per-
missible levels of radiation and the correct estimate of the effects
of radiation depend substantially on the validity of the selected RBE
value for varlous types of radiation and thelr energies.
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Since the RBE depends nbt only on the LET, but also on several
biclogical parameters which are’ difficult to estimate, it was declded
not to use this concept in the comparison of various types of ener-
gles according to the type of expected biological effect depending
only upon the specific ionization. It was decided to leave the
concept to the radiologists [12].

According to the recommendations of the International Commission

on Radiation Protection, the concept of a quality factor QF was In-
troduced to estimate the effectiveness of radiation producing various
specific donizations in tissues. This facter indicates how much
greater is the expected biological effect {than|that produced by
radiation with an LET equal to 3.5 keV per um path length in water.
The relation between the LET and the gquality factor is given in
Table 4 [11 - 13].

TABLE 4. DEPENDENCE OF THE QUALITY FACTOR QF
ON THE SPECIFIC IONIZATION AND ON LET*

Average Specific LET in water, |Quality factor QF
ionization, e
ion pairs/um /water keV/um]

T | 85 FRNNCET I

©100—200 - _3=10" T O R

- 200650 - D 74023 . 1. 25

7 §50—1500 - 2353 - § o510, ]

18005000 ;' Bl 1020

For heavy recoil nuclel, the LET can exceed 175 keV/um. How-
ever, experimental data shows that even in this case the quality
factor QF will not exceed 20. Therefore, the quality) Factor for heavy]

nuciel is also considered to be 20.

Under contihuous, whole body irradiation at small dose levels
(see Chapter 4) within permissible values, when the biological effect
practically does not depend on the dose rate of irradiation, the

oL
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value of the RBE does not exceed the quality factor, and may be made

equal to it. Table 5 gives the wvalues of QF and RBE for various types

of radiation for continucus irradiation [12, 13].

TABLE 5. QUALITY FACTOR QF AND RBE UNDER CONTINUOUS WHOLE BODY
. IRRADIATICON (WITH THE EXCEPTION OF THE LENS OF THE EYE)

Type of irradiation Qngnd Type of irradiation Qngnd

" y=radiation 1 {Thermal neutrons 3.0
X-rays 1 Tt i s 5 keV 2.5
" Electrons 1 n " > 20 keV | 5.0
~ Positrons—. —— 1 " " , 100 kev ] 8.0
B-particles 10 u. Z , 500 kev | 10.0
a-particles (E £ 10 MeV) 10 " " s 1 MeV | 10.5
Protons (E £ 10 MeV) 10 n " . 5 MeV 7.5

Heavy recoil nuclei 20 " i , 10 MeV 6.5

Since the crystalline lens is especilally sensitive fo certain

~
o

radiation (neutrons, oa-particles) with high LET, it 1s recommended

that a special value of QF‘be-used, higher than that given in Table 5.
In particular, for fast neutrons with energy 0.5 - 5 MeV, QF is equal
to 30 instead of the usual 10, as it fcllows from Table 5.

factors used to evaluate possible consequences of cfystalline lens

irradiation are given in Table 6 ([12, 131.

Quality

TABLE 6., QUALITY FACTOR QF FOR NEUTRONS IN THE IRRADIATION OF
THE LENS OF THE EYE BY NEUTRONS OF VARIOUS ENERGIES

E, keV

Thermal

5

20

100

500

10@0

5000

10,000 °

Quality factor QF

10

8

L5

24

30

30

20

20
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It should be noted that the critical organ for the eye, in the
external irradiation by fluxes of weakly penetrating radiations (a-
and f-~partlcles, electrons), is the crystalline lens located at a

depth of 300-mg/cm2; The e¢ritlical organ for the skin 1s the basal
layer, which is located at a depth of 7 mg/cmg. The thickness of the

skin and subcutaneous tissues 1s 100 mg/ch.

Absorbed Dose

~
L&Y

Changes produced in.the irradiated object under the action of
various types of radiation'depend on the absorbed energy. Therefore,
the most convenient characteristic of radiation which determines the
degree of its effect on an organism 18 the absorbed energy of the

radiation.

At the VII International Congress of Radiologists (Copenhagen,
1953), it was recommended that the energy of any type of radiation
absorbed per 1 gram of matter be called absorbed doszse, and that the
unit of absorbed dose be the rad.

The rad 1s the unit of absorbed dose and is equal to 100 ergs
of abscorbed energy per 1 gram of any substance, independent of the
type and energy of the lonizingiradiation. Multiples of the unit
are the millirad (mrad) and microrad (prad)

11072 rad

10f6 rad

1 mrad

)

0.1 erg/g,

H
n

1l urad 0.0001 erg/g.

The absorbed dose per unit time iz known as the absorbed dose
rate, and is given in units of rad/hr, rad/min, rad/sec, or in other
multiples.

The absorbed dose may be measured by the effects produced by

radiation in the process of interaction wilth matter. In order to do

this, it 1is necessary to establish g direcet relationshlp between the

56



changes in the physical or chemical properties of the radiation de-
tector (ionization, changes in conductivity, intensity of lumines-

cence, change in color, etc.), and the absorption of energy of the

radiation.

It is rather easy to measure the absorbed dose for charged
particles from the lonization or from other radiation effects pro- 1}
duced in matter. This is due{to the fact that the energy of the
radiation 1s absorbed at the lcocation at which ionization occurs.
Moreover, 1f the particlelflux and the energy falling on the irradi-
ated volume 1s known, then the absorbed energy in the entire volume
will be given by the product of the number of'particles and their
energy, as long as the particle range is not greater than the Iirradi-

ated volume. Accordingly, the mean absorbed does 1s equal to:

o UNEC 16107
'D=——1———~| rad, 4
. 'D, o l00dp .y > (34)
where N 1s the number of particles falling on a 1 em® surface of the /57

irradiated volume per second; E is the energy of the particles in MeV

(for B-particles with a continuous spectrum, the mean energy 1ls

- -6

_und@z§tQQQLJ % is the time of 1rradiation in seconds; 1.6 . 10 is

the energy equivalent of the unit, MeV (1 MeV = 1.6 . 10_6 ergs);
100 is the energy equivalent of the rad (1 rad = 100 ergs/g); d is
the range of the lonizing particle 1n the irradiated material in cm;

p 1ls. the density of the material in g/cmS.

We consider here a mean absorbed dose, since the specific ioni-~
zation alceng the particle track 1s not constant.

By an analogous method, it is possible to determine the absorbed
dose produced by fast neutrons, since the ranges of the recoil pro-
tons are very short and. the absorption of the energy of the neutrons
and- the lonization produced by the recoil protons occurs practically
at one and the same spot. It is more difficult to measure the ab--
sorbed dose due to x- and y-radiation. Let us consider a volume A,
next to the surface of the irradiated object (Figure 18). A y-photon,
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which is absorbed in the volume A, trans-
fers its energy to the electron, whose
range may be such that it travels outside}
this volume. Consequently, ionization
produced by this electron in the volume A
will not be directly related to the absorp-

tion of the energy of the y-photon. At the

same time, other electrons formed as a re-- Figure 18, Diagram
for determining the
absorbed dose from

volume A — for example, in alr or in ad- y-radiation

sult of abscrption of photons'outside the

Joining regions of the irradiated body —
may produce lonization in this volume. Thus, we cannot form an
opinion about the magnitude of the absorbed y-radiation energy in

Volume A based on the ionization measured in the same volume.

Let us now examine the volume B (see Figure 18) which lies in-
side the irradiated body at a distance from its surface. equal to or
greater than the range of the secondary electrons. Moreover, not a /58
single electron formed outside the irradiated object falls into the
volume B. Ionization}produced along the track of Sécondaty electPons”
oufside the volume B where they were produced as a result of the |
absorption of y-photons, will be exactly compensated by the ioniza-
tion produced by the secondary electrons gehnerated in the irradiated
object surrounding velume B, In this case, from the radiation meas-
ured in volume B, we can reach a conclusion about the magnitude of
the absorption of y-radlatlon energy in the given volume. Conse-
quently, the absorbed dose| of y-radlation can be measured from the
lonization in the alr cavity inside the irradiated object if the
cavity 1s surrounded by a layer of matter with thickness equal to or
greater than the maximum range of secondary electrons, i.e., as long
as electronic equilibrium helds.

Exppsure Dose

Of all types of radiation, x--and y-rays were the first to find
practical applications, specifically in biology and in medicine.
While lonization was historically the earliest and the best-documented
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k?ethod of detecting radiation, it is 5till wildely used today. We
attempted to determine what unit of radiation measurement would
'make it possible %o connéctuthé'ionOZation effect wlth absorbed
radiation energy. In 1928 the Roentgen (R) [14] was adopted as
this unit.

We shall not discuss the definitions and determinations of the

Roentgen used previously. Let us just mentlon that the Roentgen was

considered as a quantity of radiation characterizing the absorption

of radiation energy per unit mass of air. This interpretation con-

tradicted the definition, and introduced difficulties in the evalua-

tion of absorbed énergy. These difficulties were bypassed by means
of various reservations and corrections. The inconvenience of the

Roentgen as a unit used to estimate the absorption of radiation energy
was, in addition, compounded by the fact that this unit was introduced

only for x- and y-radiation. In order to carry out a comparative
study of effects produced by the action of other forms of radiation
(o~ and B-particles, neutrons, ete.), it became necessary to intro-
duce the concept of "roentgen equivalent physical"¥. This created
further inconveniences, and made necessary a reconsideration of the
existing terminology, leading to the introduction of the rad, a new
unit of‘absorbed‘dose, universal for all types of radiation and
directly [Pelated to effects produced by radiatiof.

As a result of the fact that ionization methods of measurement
are still widely used in practice, and since nearly all dosimetric
instrumentation is calibrated in Roentgens, the unit was not elimi-
nated from the arsenal of metrological units. As a result, the

Roentgen was retained as a unit, along with the rad, in GOST. )

In contrast with the accepted definition, the Roentgen is con-
sidered not as a unit of absorbed energy, but only as a unit of
determining the ionizing capacity of x- and y-radiation in air.

The quantization of x- and y-radiation, based on thelr ibnizing

action in terms of the total electric charge of ions of the same

. _
Roentgen equivalent physical (rep) is the dose of any. type of

ionizing radiation for which the absorption of energy per 1 gram of

a medium |is equal to the energy lost in the ionization produced in

1l gram of air by a dose of 1 R of x- or y-radiation. For air, 1 rep

is equal to 87 ergs/gm, while for muscle — it 1is 93 ergs/gm,.
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sign- produced per unit volume of air, is known as the exposure dose

of x- and y-radiation.

The Roentgen (R) iz the unit of the exposure does of x- or y-
radiation which produces 0.001293 grams of air by means of the assc-
clated secondary particles ion pairs equivalent to 1 electrostatic

unit. (1 'cgge )l of each sign (0.001293 g is the mass of 1 cm3 atmospheric
alr at 0° C at a pressure of 760 mm Hg).

Submultiple units are the millircentgen {(mR} and microroentgen
(uUR):

1R=10mR = 10° uR.

The exposure dose rate is the dose per unit time. It is meas-
ured in units of R/hr, R/sec, R/sec, etc.

Since the charge on the electron is equal to 4.8 . 10_lo_esu,
the number of icn pairsﬂni@formed by an exposure of 1 R in 0.001293 /60
grams of air is equal to:
n, = 1 cese = 2.08 - 10°. (35)

tooy.8 . 10’10-cgse

It is known that, on the average, 34.eV are required to produce
a single ion pair in air. Consequently, at an expsoure of 1 R, the
energy expended in lonization by secondary electrons in 0.001293
grams of air is equal fo:
E=208.10°-3¢=7,07- 109 eV = 0. 113 erg,

or in 1 gram of air:
E__O.ll3 R

‘g7

o =87 er .
U 0,001208. g/g

A direct relationship between the exposure dose measured in
Roentgens and the absorbed dose may be established only if the
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radlation exposure dose 1s measured in an air volume surrounded by a
layer of air, or air equivalent material, with a thickness greater
than or equal to the range of secondary electrons (i.e., when the
condition of electronic equilibrium holds). In this case, for an
exposure of 1 R, the absorbed energy in air is equal to 87 erg/g,
that is, the absorbed dose is equal to 0.871rads.

It makes sense to talk about electronic equilibrium only when
the range of secondary electrons is significantly smaller than' the
mean free path of the photon*. If these values become comparable,
it 1s impossible to reproduce a Roentgen. As a result, the use of
the Roentgen as a unit of exposure is limited to the measurement of

X—- or y-radiation of up to 3 MeV in energy.

The absorption of energy in water and muscle tissue differs (by
4 - 10%) from the absorption of energy in air, due to the fact that
Zeff of water and muscle fissue is not exactly equal to Zeff of air.

In the energy interval from 150 keV to 3 MeV, the absorbed genergy in
water and muscle tlssue 1s equal to 93 ergs/g, 1f the exposure in
alr, measured under cconditions of electronic equilibriumyis equal

to 1 R,

For bone, with a Z greater fthan that of alr and consequently w
with a substantially greater photoelectric absorption at low energies,
the absorption of energy changes from 474 to 88 ergs/g, with increas-
ing energy from 10 to 200 keV, Starting from 200 keV, the absorbed
energy remains approximately constant and equal to about 88 ergs/g
for an exposure of 1 R. Thus, having measured the ionization in air,
under conditions of electronic equilibrium, we can form an opinion

about the absorption of energy in biclogical tissues.

-
The mean free path of a photon 1is the thickness of the absorber
that will reduce the intensity oﬁi?rradiation by a factor of e.
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Equivalent Dose

The concept of equlivalent dose DE is intrcoduced in order to
estimate the radiation hazard due to prolonged irradiation by differ-
ent types of radiation. Its unit 1s the rem, which is the absorbed
dose of any type of radiation which, under prolconged irradiation, will
bring about the same biclogical effect as that produced by 1 rad of
" x- or gamma-radiation. The doses delivered by wvarious types of radi-
ation of equal rem will, under similar conditions of irradiation, be
efquivalent in biological effect. it is clear that between the ab-
sorbed dose D, expressed in rads, and the equivalent dose DE, ex-

pressed in rem, the following relationship exists:

E@' QF - D, (36)

where QF is the quality factor of the radiation. As previously indi-
cated, this quantity defines the dependence of the biological effect
of prolonged irradiation of the organism by a given type of icnizing
radiation on the LET of fthe radlation. For B-particles and y-photons
(QF = 1), 1 rem is equivalent in effect to 1 rad; while for a-par-
ticles and protoné (QF = 10), 1 rem is equivalenf in biological ef-
feet to 10 rad of; x- or y-radiation, ete. ‘

FPor a comparative estimate of the effects produced by the entry
of radicactive materials. into an organism, with the irradiation of
internal organs, in addition to the quality factor QF, a distribution
factor DF 1s introduced for osteotropic isotopes. This factor takes
into aeccount the influence of inhomogenecus distribution of radio-
active isotopes and their carcinogenic effectliveness in relation tb /6

" 226
a

R . In-this case:

'Bé =D * QF - DF.... . (37)

The dotted line indicates that other modifying factors may also sdcecur,
which take into account the characteristics of the distribution of
isotopes 1n the organism.
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It is clear that, under chronic exposure to lonizing radiation
of mixed composition, the equivaient dose DE, expressed in units of
rem characterizing an expected biological effect, is given by:

‘EEJ= L D; * QF; - DF,, (38)

where Di 1s the absorbed dose of a given type of radiation in rads;

«‘Figiﬁi”‘ana'bpi'"'a;; the quallty and di"s,Efib‘ﬁéiaiﬂ‘féc't“afg]gab}f‘égﬁo@aﬁg”@

the same type of radiation.

Relation Between Exposure Produced by y-Radiation

_ From Radicactive Substances and Their Activity

The number, as well as the energy, of emitted jy-photons varies
ﬂ_Qvgr7Wide limits for various radicactive isotopes. Therefore, it is
expeditious to know the relationship between the activity of a source

and the exposure from y-radiation from a gilven radiocactive isotope.

For a point source¥® with an'activity C, mCi, the exposure D,

after a time t hours at a distance of R c¢cm, is given by the formula:

k3

(39>

where I is the I'-constant of the isctope which determines the dose
rate in units of R/hr produced by y-rays of a given radioactive iso-
tope at a distance of 1 c¢m from a peint soufce whose activity 1s
equal to 1 mCil,

It has been experimentally determined that the I'—-constant is
8.4 R/hr for radium in radiocactive equilibrium with its short-lived
decay products and enclosed in a platinum filter 0.5 mm thick. This
implies that the point source of radium in a platinum filter 0.5 mm

~
[oa]

thick, with an activity of 1 mCi, in equilibrium with 1ts decay

*A source 15 a point source 1f the dose or intensity of radiation at .
a given point is Inversely proportional to the square of the dis-
tance to the source. The source may be considered to be a point
“gource 1f its linear dimensions are 5 - 10 times smaller than the
distance to the point of measurement of the dose or intensity.
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products, produces an exposure rate equal to 8.4 R/hr at a distance

of 1 ecm from the scurce,.

60

The [-constant for Co°’ is 13.5 R/hr, for Csts! —— 4.2 R/hr;

Ir-192 —5.46 R/hr [7].

60

A comparison of I'-constants of radium and CO shows that 1 mCi

of 0060

which 1s in equilibrium with its deday products and is enclosed by a

platinum filter with a wall 0.5 mm thick. In other words, the radia-
L 60

‘tion exposure in air produced by 1 mCi of Co is equivalent to ap-

produces exposures 1.6 times greater than 1 mCi of radium

proximately 1.6 mCi of radium, that is, y-photons emitted by a

0060 preparation with an activity of 0.625 mCi produce the same.

radiation exposure as y-radiation from 1 mCi of radium.

Very ifrequently, a so-called y-equivalent of a radiloactive
equivalent is used to charadggﬁize Y-radiation from isotopes. This
ig measured in milligram-equivalents of radium. A y-equivalent of"
a radioactive substance is egual to 1 mg-equiv of Ra if the y-radia-
tion from the substance under identical measurement conditions pro-
duces the same ionilzation as the y-radiation from 1 mg (1 mCi) of
radium in equilibrium with its short-lived decay products and en-
closed in a platinﬁm,Lfilter 0.5 mm thick. For example, if the y-
egquivalent of this preparation is equal to 30 mg-equiv of Ra, this
means that y-radiation from this preparation wlll produce the same
radiation exposures under specific measurement conditions as 30| mg
radium in equilibrium with its decay products and ehclosed in a
platinum filter 0.5 mm thick. ‘

When the T'-constant of an isotope is known, the following simple

formulas may be used to pass from activities measured in millicuries

to y-equivalents measured in milligram-equivalents, and vice-versa:

LTI
;f“f§€ﬁ§;&\ (40)
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(L41)

~
(@)Y
=

Here, M is the y-equivalent of a given preparation in mg-equiv: Ra

|

{or gm-equiv Ra};. C is the activity in mCi or Ci; I' 1is 1ts T~

constant, while 8.4 is the I'-~constant for radium.

Lf the y-equlivalent of a substance is given in units of mg-equiv
Ra, then Formula (3) becomes: '

(42)

Somg Data Regarding Biological Conseguences

of Irradiation

As indicated earller, the disruption of the vital activity of
various organs and tissues takes place under the action of ionlizing
radiation on. an organism.

Radiation-induced changes occurring in an organism may appear
elinically either a relative short time after irradiation (hours,
days) — acute radiation effects, or after an extended time period
(years or even tens of years) — the so-called late effects. More-
over, the disruption of the structural elements responsible for
heredity may occur in the organism as a result of radiation. In the
majority of cases, these changes, while being harmless to the adult
individual, may be harmful to future generations.

Therefore, in the estimation of radiation hazards to which vari-
ous contingents of people or entire populations may be exposed,
radiation effects are usually differentiated into somatic and genetic

effects.

Somatic effects are those changes in the health of a given
individual which occcur as a result of irradiation. Somatic effects
are manifested by acute or chronic radiation sickness, local radia-
tion damage of various organs or tissues, and also by reactions of

the organism to irradiation,
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Acute radiatlon effects characteristically show a relation be-
tween radiation dose and reaction of the organism. Moreover, acute 65

radiation effects show a threshold, i.e., they appear affer some
radiation dose is exceeded.

The great amount of material collected to date from experimental
animal data, as well as from the correlation of the numercus data
regarding the health status cof roentgenclogists, radiologists, and
other individuals who were exposed to radiation, ‘shows that no changes
can be discovered in the health status of an individual exposed to
a single whole body dose of up to. 25 rem. No changes are observed
in the blood, which is the first to show the effects of radiation.

External silgns of radiation exposure are also absent for whole
body doses between 25/ - 50 rem. However, temporary changes, which
quickly return to normal, may be. observed in the blood.

Exposure to a dose of 50 - 100 rem leads. to a feeling of fatigue,
Wwithout a serious loss of capacity for work. FPewer than 10% of the
irradiated may show slgns of nausea, énd moderate changes in the com-
position of the blood are observed. The condition of health soon

returns to normal.

Single exposures to doses greater than 100 rem lead to various
forms of acute radlation sickness.

Thus, exposure to a dose of 150 - 200 rem produces a short term
moderate form of acufe radiation sickness. If shows up as a long-
lasting lymphopenia. Nausea may be observed in 30 - 50% of the cases
in the first 24 hours after irradiation. Lethal outcomes do no occeur.:

Radiation sickness ol a moderate severity arises from exposures
to doses of 250 - 400 rem. Nausea and vomiting are observed in al-
most all irradiated individuals within the first day after irradia-~
tionn. The number of leucccytes is sharply. decreased, and subcutane-
ous hémorrhages ocecur. A lethal outcome may follow in 20% of the
cases. Death follows 2 -~ 6 weeks after irradiation.
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An acute form of radiation sickness develops after irradiation
at a dose of 400 - 700 rem. Death may follow in 50% of the cases,

orne month after irradiation.

;Ehe;mggp_ﬁeyeiegkype of acute radiation sickness 1s observed
after irradiation to doses greater than 700 rem. Two to four hours
af'ter 1lrradiation, nausea appears. Leucocytes disappear almost im-
mediately from the blood, subcutaneous hemorrhages take place and

~
=

bloody diarrhea occurs. The mortality is 100%. Infectious diseases
and blood losses are the most frequent causes of death [15, 16].

The data presented about the conseqguences of the action of radi-
ation apply to cases withouf subsequent therapeutic intervention. A
number of radiation protective agents, which permit a significant re-
duction in the effects of radiation, are presently available, and
experience dealing with the complex therapy of radiation sickness
has been accumulated. |

The clinical picture of radiation. sickness of various degrees

of severity as a functlon of radiation dose refers to single whole

body exposures.: 1f the- irradiaticn to the same dose 1s oarrled oum’
not once, butflS ex?ended 1n tlme, then the effect of 1rradiat10n w111

be decreased h Thle is related with the fact that 11v1ng EPganlsms|~—
among them, man P—-are caﬁeble of reestablishing normal life activity
after disruptions of one kind or another. Currently available ex-
perimental data-allew us to assume that the recovery rate from radia-
tion damage amounts to only 2.5% of the accumulated dose per day.

Furthermore, the irreversible part of the damage is approximately

10% of the received dose [17] For example, Llf an 1ndiv1dua1 wereﬁexposeé\

to a dose of 200 rem, then after 40 days. the residual changes 1n the

organism|will be equal to those produced by an irradiation of 20 rem.
If the individual is again lrradiated to a dese of 20¢ rem, the
damage. will be equal to that produced by a dose of 200 + 20 = 220 rem.

The concept of effective dose, which takes into account the

recoOvery process, is introduced to estimate the effect of prolonged
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irradiation. Naturally, it 1s less ithan] the total received dose
for the same period.

Chronic radiation sickness may develop during systematlc, re-
peated exposures to dose levels not causing radiation sickness, but
at levels significantly higher than the maximum permissible levels
(see Chapter 4). The most characteristic signs of chronic radiation
sickness are the changes in the composition of blood (decrease. in
the number of leucocytes and anemia), and a number of symptoms of
nervous system irregularities.

Symptoms of chronic radlation sickness are non-specific, and

sometimes occur in illnesses due to other causes [15, 16].

According to well-established biological data, the reaction of /67
the organism to radiation may be late {after 10 - 20 years). These
reactilons may lnclude leucosis, malignant necoplasms in various organs
"and tissues, cataracts, skin damage, life-span shortening (aging,
leading to premature death unrelated to any specific cause). As-a
result of the non-specificity of the late effects of radiation, it is

rather difficult and even impossible té correlate them with previous

irradiation.

Itfis perfectly clear that for a specific person irradiated to
a dose which would not bring about acute radiation damage, it is
practically impossible to establish a causal relationship between
irradiation and the appearance, for example, of leukemia, since this
illness mayAbe-caused by other adverse, non-radiation connected
factors. Even if, as a result of irradiation, seome changes in the
health status of this individual avre reversed by treatment, it is
still difficult to ascertalin directly that the malignant neoplasm
formed in this individual at a later date is specifically radiation-
indueced and is not caused by other environmental factors. Such a
category, Jjust as 1n the case of life expectancy, is probabilistic
in nature and may be applied only to large population groups, and not
to any given individual.
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The scale of late effects may be evaluated by examining only
the probability of occurrence of somatic effects in large population
groups. Organism radiation effects which are evaluated by means of

statistical methods are known as somatic—stochastic.

Experimentally obtained animal data, as well as long term ob-
servation of Hiroshima and Nagasakli atomic bomb vietims or radiation
therapy patlents, show that late effects are due to rather large
doses of radiation. For instance, the frequency of the occurrence
of lung cancer among Hircoshima and Nagasaki victims increased only
at radiationldoses_greater than 70 rem, while the freguency of océcur-
rence of leukemia among ‘adults] exposed to doses greater than (100 rem|
is 0.2 ~ 0.5% [18j.

In-the sclution of problems of radiation protection and of the
levels of utilization of radiocactive substances 1in therapy. or in
diagnostics, and 1n the examination of other aspects of the applica- /68
tion of atomic energy in the naticnal economy, it is extremely im-
portant to know the probability of occurrence of late effects for
irradiation at low doses {a few rads). However, the evaluation of
somatic-stochastic effects at low levels of radiation presents seri-
ous difficulties. Statistical treatment of data.déaling with the
health of a group of people lrradiated for prolonged periods (roent-
genblogists and radiologists, and occupational workers) does not
indicate any reliable differences 1n the duration of life or in the
probabllity of malignant necplasm occurrence in this group of indi-
viduals in comparison with the part of the population not exposed to
radiation [12, 18, 19]. It is impossible to uncoever changes in the
health status, as well as any reliable somatic-stochastic effects,
in individuals undergolng x-ray procedures, even though the asso-
clated radiation doses ‘are| tens and hundreds of time greater than
natural background.. For example,‘in the x-ray examination of the
stomach, the radiation dose is 1.5 ~ 3 rem, of the lungs — 0.04 -
0.25 rem, shoulder -— 0,7 =-1.0 rem [20]. It may be stated that at
existing levels of knowledge of the biological effects of radiation,
it is not possible to discover its harmful effects, including late
effects, on the health of people exposed for long periods to doses
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exceeding 10 -~ 100 times the natural background (i,e., 1 - 10 rem
per year). This refers to the irradiation of adults, without con-
sideration of possible genetic consequences [12],

Taking into account the lnadequate. knowledge regarding the ac-
tion of low radiation doses, the Scientific Committee of the UN and
the International Commission on Radiation Prbtection (ICRP) recommend
the extrapolation of data dealinhg with late effects due to large
doses, to the low dose area by means of a linear dependence between
radiation dose and bioclogical effect {18, 217].

The assumption of a linear dependence of "dose-effect" for low
radiation levels leads to the conecluslon that there 1s no radiation
threshold, i.e., the absence of harmless radiation doses, 1ncluding
those produced by natural background. Consequently, the extrapolated
estimates of the expected late effects, based on the recommended con-
cept, result in a reevaluation of the probable risk due to irradia-
tion at low doses. PFurthermore, this extrapolation does not take '[é_
into account the dependence of the radiation effect on the rate of
irradiation and the influence of the recovery processes on the devel-

opment of late effects.

Analysis carried out in this manner (let us note again. that the

6

risks are overestimated) show that if 10" individuals are exposed to
a dose of 1 rem, then one may expect the appearance of 1 - 2 cases

of leukemia per year [18, 19]. It should be noted that the natural
frequency of all types of leukemlas are, on the average, 50 cases per

year per 106 persons [19, 22, 23]. 1In order to produce an equal
number of leukemias as a result of irradiation, the dose idelivered

6

to 107 persons must be not less than 50 rem.

The natural frequency of tumors of variocus organs (excluding

leukEmi%) is 2000 cases per year per 106 persons [22]. At the same

time, extrapolated estimates show that in the irradiation of 106
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will be observed [18, 19].

Thus, the frequency of cccurrence of harmful late .effects
(leukemia, malignant neoplasms of various organs) as a result of
low dose (on the order of a few -rem) lrradiation of the population
is significantly smaller than the natural frequency of these same

diseases associated with non-radiation causes.

As mentioned previously, genetic structures may be damaged by
radiation. As a result of this, adverse radiation effects may appear
in succeeding generations. Genetic effects will be observed only if
the defective gene is crossed with another one having the same defect.
Therefore, the probability of genetic effects produced by radiation
depends not only on the irradiation dose, but on the number of per-

sons in the entire population exposed to radilation.

The greater the total population and the smaller the number of
individuals belonging to this population who are exposed to radiation,
the smaller is the probability of matings between individuals who
were exposed to radlation. Consequently, the probability of radia-

tion-induced effects is alsc smaller.

The analysis of available data, as well as estimates made by
various international and national agencies, shews that a dose —
~greater than 6. - 10 rem per person in the population is geneticéilyr /70
significant [12]. This implies that 1f the gonadal dose from the
moment of  conception to age 30 (average human reproductive age) per
person of the population is smaller than 6 -~ 10 rem from all sources
of radiation produced by man (including radiation for medical pur-
poses, and excluding natural background), then the additional damage
as a result of genetic effects may be considered to be'permissible
and justifilable, based on the advantages which may be expected from

increased practical application of atomic energy [12, 217.
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The concept of a group dose, expressed 1n units of person - rem,

was introduced to measure the effect of low dose radiation on large

6

population groups. For example, if 10 'persons are exposed to a dose

of 3 rem, on the average, the group dose is giliven by 3 -'ZLO-»6

peﬁFon » Tr'em.

The concept of risk factor, expressed in the number of cases of

leukemia, of malignant neoplasms in other organs, per population dose

of 106 person -+ rem,is introduced to estimate the adverse laﬂe‘ef—
fects which may arise as a result of irradiation of -significant popu-

lation groups. The calculation of/these factors, as previously men-

tioned, is made on the assumption that there is no dose threshold
below_w@iéﬂfbiological effects of radiation will not be observed [18].

Somatic, stochastic, and genetic estimates. of the risk due to
radiation are especially important in planning for the development of
atomic energy., in the distribution of atomic materials, and in the
development of the regulrements and standards for providing radiation
safety of atomic electric plants and other nuclear installations.
Indeed, a preliminary. estimate of possible levels of radlation, as-
well as the number of persons who may- be expo;gd to radiation under

= PR S

a‘normal use or due to emergency 51tuat10ns at one of énother nuclear

flnstallation (for example, nuclear. power plants) ‘makes it p0531b1%
' to estimate the number of unfavorable results. As a result, specific
reguirements may be set on the location of the installation itself
in relation to populated areas, waste disposal,.protective shields,

reliability of various elements, and so on.
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CHAPTER 4

MAXIMUM PERMISSIBLE LEVELS OF RADIATION

Action of Ionigzing Radiation on the Human Organism

In working with radicactive materials or sources of ilonlzing
radiation (x-ray machines, accelerators, nuclear reactors) man may
be exposed to radicactive emissions. Furthermore, it is necessary
to differentiate between external irradiation and the possibility of
the entry of radioactive materials inside the organism.

External radiation implies the actleon of radiation on é person
when the source of radiation is cutside the organism and there is no
possibility of the radicactive substance getting into the organism.
This takes place, for example, 1in working with x-ray machines and
accelerators and 1In work with radicactive substances in hermetically
sealed capsules (gamma installations for nondestructive testing of
metals and radiatlon therapy of malignant neoplasms or powerful iso-
fope sources for radiation sterilization in the irradiation of seeds
prior to planting,tétg,ji

In certain cases, contamination of surfaces and air of work
buildings, as well as contamination of hands and speclal apparel of
of workers, is possible by radioactive materials while conducting
radiochemical or other operations with radiocactive materials (specil-
fiecally in the separation of isotopes from a mixture of fission pro-
ducts, the preparation of radiocactive sources,or compounds, the
packaging of radicactive materials, etc.).

In the operation of a nuclear reactor, the seal of the first
containment vessel may be brcken, which will also lead to the con-
tamination by radloactive materials of the installation. It is cledr

that the presence of contamination in air and con surfaces of the
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place of work does not exclude the possibility of its penetration
inside the human organism. In thils case, internal radiation takes
place, i.e., the action of icnizing radiation on the organism from
radioactive materials, located insilde the organism.

In external irradiation by a- or B-particles and y-photons or

e
no

neutrons, man is subjected to the adverse effects only while he is
located close to .the sources of radiation. However, if the radio-~
active materlals enter inside the organism, the individual is sub-
Jecteéd to continucus irradiation untill the radiocactive materlals are
removed from the organism as a result of decay or physiological ex-
change. It follows that it is necessary to use varlous apﬁroaches

in the evaluation of the hazard to which an individual may be exposed

while working with radiocactive materials.

Those individuals dlrectly working with radicactive materials
and sources of lonizing radiation may not be the only ones subjected
to the acfion of radiation. Various population groups may be sub-
Jjected to the action of radiation too,)éince during the techncloeogical
cycle some amounts of radicactive materials may enter the environment
(atmospheric air, water supplies, and soils). '

Undoubtedly, the correct organization of the technological pro-
cess, a closely controlled radiation environment, and the execution
of necessary. protective measures may decrease the degree of action,
of radiation on man. However, just as 1in work in the mine, at home
by the kiftchen stove, at chemical plants or in flying airplanes, it
is impossible to eliminate completely the possibility of an accident
and reduce to zero the risk to man, so it is also impossible in the
application of atomic energy to reduce to zero the possibility of

irradiation.

Whenever radiation materials are used, there always exlsts a
definite prgbability of disrupting the technological processes, and
the occurrence of a radiation accident. Therefore, along with the
development of measures for the improvement of technological pro-

cesses and methods of controlling radiation levels and increasing



the reliability of instrumentation, 1t is necessary to determine the
basis for those radiation levels which will not be dangerous to man
and carry a minimum and justifiable risk for the total population

in general, .

Starting with the presently established facts on the effects of
radlation on the living organism, 12t us examine which principles
are available to the respective organizatlons and agencies responsible
for the preovision of radiation safety, in the regulation of per-

miSSible levels of radiation.

Guidelines for the Standardigzation of

Radiation Levels

In the preceding chapter, 1t was mentioned that in the estima- /13
tion of the risk connected with radiation, it is currently assumed
that no matter how small the dose, there exists a finite probability
of the appearance of genetic and late somatic effects. Moreover,
~The probability of the risk depends linearly on the radiation dose.

These assumptions are used in standardizing radiation levels.

Starting from the assumption that no dose is absolutely harm-
less, according to the recommendationslof ICRP, the maxlimum permis-
sible radiation doses, MPD, are established at levels low enough to
eliminate the possibillty of acute radiation damage. The risk as-
soclated with the appearance of genetic and late somatic effects
caused by radiation at these levels must be sufficiently small and
Justified 1n comparison with the advantage derived by society from
the utilization of artificial scurces of radlation. In addition, a

further reduction in the risk would not justify those measures of

radiation protection which would be required to providerlpwey;Qgﬁg}ﬁAgfj
radiation [12, 21, 23].

ICRP considers it possible to recommend for individuals working
directly with radicactive materials and sources of ilonizing radia-
tion, permissible levels of radiation such that the hazard would not

exceed that present in an industry or branch of science, where a
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high degree of safety 1s assured. Just as the permlssible levels of
radlation of various population groups must be such that the risk
as a result of using artificial sources of radiation must be less
than or equal to the types of risks common in nature (floods, earth-
quakes, meteorites, etc.), and is justifiable on the basis of the
advantages derived from the application of atomic energy [l12, 23].

Since the probability of appearance of genetic and late somatic
effects depends on the population dose expressed 1n unilts of perso@iﬂ
rems (see page 72), 1t is necessary not only to decrease the permis-
sible level of radiation, but to limit the number of persons who may
be exposed to radiation. Therefore, it is necessary to avoid such
applications cf radiocactive materials and sources of radiation whose
benefits are not apparent. Thus, there is no question about benefits
accrued to soclety from the development of atcmic energy, application
of radiocactive isotopes 1in various branches of industry and in re-
Search. It is impossible to estimate the progress in medicine due
to the use of radicactive materials 1n diagnosis and treatment of a
~number of serious afflictions. Therefore, society may justify‘thé
assumption of a certain degree of risk in the utilization of artifi-
clal sources of radiation in the indicated areas of human activity.
However, the use of sources of radiation, primarily>abroad, for pur-
poses of advertisement and for effect (for example, the use of x-ray
machines in the fitting of shoes, and the use of radioactive isotopes
in some widelyiggéaJmerchandise —- toys, decorations, ete¢.) appears
to be unjustified.

Thus, according to the recommendations of ICRP, the permissible
levels of radiatlon are based on the hypothesis of the lack of a
threshold for the action of radiation. In connection with this,
numerical values of the maximum permissible{@?@%\(MPD) are chosen
to be such that the radiation risk at these doses will be minimal,
taking into account real economic and social conditions. In practi-
cal utillzatlion of radiation sources, one should strive td avoid all
unnecessary radiation and to take all sensible precautions which are

technically feasible at present, in corder that the true radiation
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doses be smaller than the prescribed ones by as much as possible.

The established permissible levels of radiation not only define
the upper limit of risk that society takes in using artificial
sources of radiation, but also serves as a basis for the development

of reguirements for radiation safety.

It should be kept in mind that the irradiation of various indi-
viduals or groups of the population at doses exceeding the permissible
ones by relatively small margins {(even by several times) will not
lead directly to damage to the given group of-individuals, since the
permissible doses are established at such low levels that the asso-
clated risk is significantly less than the risk ffom natural factors. /75
Therefore, each instance of an insignificant excess in the permis-
sible level of radiation¥ should be seen in the first place as a sign
of the disrupfion of the normal working conditions in an installation
or technical process.

Radiation Safety Standards

Beginning in 1960, permissible levels of radiation were governsad
by "Sanitary. Rules of Work with Radiocactive Materials and Sources of
lonizing Radiation SR-333-60 (See Appendix 2, "Maximum Permissible
Levels of Ionizing Radiation MPL-1960 [247).

Assocliated with the considerable expansion of the application of
atomic energy in. the national economy and, consequently, with the
increase in the group of people who may be exposed to radiation, and
in view of the accumulation of new facts dealing with the action of
lonizing radiation on the human organism, it became necessary to
correct current MPD, and to refine a number of assumptions. There-
fore, the Ministry of Health of the USSR developed and introduced,
in 1969, "Standards of Radiation‘SafetyiﬁﬁSﬂéQ" [25]. These were
developed in accordance with the recommendations of ICRP [12, 21]
"Primary Safety Standards in Radiation Protection", prepared by the

‘*This does not involve increases in radiation levels to values whic
\will pose a threat to the health of individuals (accidents).
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_Internatlonal Atomlc Energy Agency (IAEA) [13], and the latest
studies of Soviet sefentists in radioblology and radiaticn safety.

I : . e : PR
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A significant difference of NRS-69 from MPL-1960, given in
SR-333-60, is the method of establishing the categories of radia-
tion, taking into account p0581b1e effects of lonizing radiation

I e e

‘on the organism.’

- The establishment of radiation categories is pased 6n the fact
that individuals working 1n atomic plants or installation, where
wofggwith radicactive materials and sources of ionizing radiation 1s
being done, are not the cnly ones who may be exposed to radiation.
Various population groups living in the vicinity of such organizations
or lnstitutions may be exposed as well. Radioactive wastes are
sources of such an exposure. At the present level of technoclogy, 1it- £_§

is lmpessible to completely eliminate these wastes, as well as those

from chemical and steam power plants.

In order to reduce the risk assoclated with the lrradiation of
the population living in the vicinity of the plants or installations
using atomic energy devices and radicactive substances or sources of
ionizing radiation, a sa@iﬁéﬁﬂprotective zone is established. This
is a zone surrounding the plant or installation where living quarters,
institutions for children, as well as extraneocus industrial and ser-
vice installations not related to the'plant or installation reguiring

the sanitary zone are prohibited.

For enterprises or installations covering a large territory,
the size of the sanitary protective zgone may be limited to the
property of the enterprise itself.

Beyond the sanitary protective zone 1s the surveillance zone.
This zone includes the terrltory where radiatlon doses of the popu-
lation may exceed the established dose limits.

A systematic control of the radiation environment is required

in the surveillancée and sanitary protectlive zones. This makes it

possible to estlmate the - {adlatlon dose fo the population living

within the surveillance zone, asg well as to record operaticnally
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each case of a deteriorating radiation environment, as a result of

a disruption of the normal course of the technological process or
during an accident, and to take immediate necessary remedial meas-
ures, The volume of radiation controll(i e., the number of measure-
Jent parameters of the radiatlon env1ronment and the frequency of
control) are\determlned on the b351s of specific conditions.

The dimensions of the sanitary protection and surveillance
zones are established only by .the principal sanitary-epidemlological
agency of the Minié't‘ijy of Health of the USSR. AR

In a number of rédiation hazardous tasks, the possibility of
the entry of radioactive materials into the external medium (for
example, in work with gamma-therapy or industrial gamma-installations
where sealed sources are used) 1s completely excluded. It is clear
that there 18 no need in this case to set up .isanitary-protective
and surveillance zones.

According toi§5§g69, three radiation categorieg are established.
Category A (personnel) includes individuals who work directly with

sources of lonizing radiation or, by the nature of their work, may

become exposed to radiation.

Category B (single individuals from the population) includes

the population group living in the surveillance zone.

Category C includes the total population, including individuals
in Category A and B.

For radiation category A, the maximum permissible somatic doses
MPD are established, while for category B, .the maximum dose i1s based
on the probability of the occurrence of late effects. The factor
limiting the radiation level for gategory C, which includes the en-
tire population, must be the data on the minimum probability of
occurrence of genetic effects. Therefore, in category C, the
genetically significant dose 1s of importance. This dose is defined

as the average value of all the gonadal doses received by individuals
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in the population, each one of them being weighed by the expected

number of children concelved after irradiation.

It should be noted that, according to. MPL 1960 'the population

living in the surveillance zone belonged to category C, and permis- :

sible radiation levels were the same as for the entire'populatioﬁ.
This required the establishment of unjustifiably large sanitary
protective zmones surrounding atomic plants, and imposed excessively
harsh limitations on the amounts of waste. This factor impeded the .
development of atomic energy, particularly in. densely popula&éé:éééj,
gions., The inclusiocn of individuals living in the surveillance zone
in category B, 1.e., the establishment of higher permissible levels
of radlation for this group tﬁan for the rest of the population,
does not imply a noticeagble increase in the risk of genetic effects
for the entire population, while the risk of somatic late effects
for this radiation category remalns significantly lower than the
established level of risk for these effects not caused by radiation..

- MPL-1960 established the annual and even weekly dose for cate-
~gory C, which Included the entire population. Thils led to serious
difficulties asscciated with the measurement and evaluation of these
doees. At -the same time, as previously indicated, the determining
factors in the egtimation of the risk for the entire population,is
assoclated w1th the expansion of the use of atomic energy, are the
genetic effects. Therefore, the regulation of the genetically sig-
nificant dose for the entire population permifs a correct approach
to the determination of the maximum size of the population of a
country (for one as large as ours — the size of the population of
a republic, region, or province) that can be assigned to radiation
categories A and B, in order not to exceed the genetically signifil-
cant dose. It is clear that this makes it possible to plan a more
correct distribution of atomic plants and other installations of

- the atomic industry. ’

Up to the present time, according to the recommendations of

SR-333-60, a personal dosimetric control was required for individuals

working directly with radioactive materials and sources of lonizing
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radiation. This was Justified in the firét years of the deVelopment
of the atomic industry, when the technological processes had not yet
firmed up, when there was still insufficient data to estimate the
poegsible variations in the radiation burdens during one process or
another. At the present time; on the basis of long-term experience
accumulated in the executlon of typleal operations at atomic installa-
tions, such as nuclear reactors, radlochemical plants, and so on,

the dynamics of changes in the radiaticn environment have been rather
well studied. On the basls of thls experience, expected personnel
exposure doses may be estimated. Furthermore, due to the perfection
of technological processes, the correct organization of protection,
the deslgn of bulldings and remote control, working conditions have
significantly improved at atomic industrial installations. As a
resulv, radiation doses have been lowered consideﬁably below the
maximum permissible levels in a significant portibn of individuals
occupationaily exposed to radiation. Exposures over the permissible'
levels are practically not observed except in single cases associated
with a disruption in an operating procedure or with the necessity of
completing emergency repairs. As a result, deose levels for the
majority of workers at industrial reactors and power plants do not
exceed 50% of the MPD. Furthermore, mest of the load is accumulated /79

during maintenance| work, when the shields are removed and the re-

actor core is exposed. The radiation dose has been less than 20% of
the MPD during the last decade for more than 80% of the workers [2]. |

Therefore, for purposes of the organization of dosimetric con-

trol and medical observation, twe groups were established bylyﬁ§:69-

for category A.

Group "a", category A, includes indiﬁidual working in controlled
areas, l1.e., in buildings or locations of enterprises or institutions
where the working conditions are such that the radiation doses may
exceed 0.3 MPD. In a controlled area, not only individual dosimetric

monitoring is required, but medical observation as well.
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Group "b", category A, includes individuals of an enterprice
or institution working cutside the contrclled area, where the ex-
pected radiation doses are. less than 0.3 MPD. Individual dosimetric
monitoring and special mediecal observation are not conducted for
these individuals. It is recommended that the estimate of the pos-
sible radiation dose for this category be made by fixed dosimetric
equipment, which will also allow the evaluation of changes 1in the

radiation environment.

The principél difference betweeniﬁ§3ﬂ69 and MPL-1960 lies in
the setting of standards in terms.of the maximum permissible intake
(MPI) of radiocactive materials into the organism, rather than in
terms of the previously established maximum permissible concentra-
tion (MPC) of radicactive substances in air of places of work,
atmospheric alr and water. This problem will be considered in

~greater detail below,

Maximum Permissible Doses

A maximum permissible somatic dose (MPD) for irradiation of the
whole body, gonads, or red bone marrow has been set at 5 rem per year
for personnel, i1.e., individuals working directly with radicactive
materials or sources of ionizing radiation, and for thqﬁﬁwho, by the
nature of .their work, may be exposed to radiation (category A) [12,
13, 21, 25]. PFurthermore, the total radiation dose at N years mnust
not exceed the quantity D determined from the formula:

D (rem) = 5 rem/yr [N (yrs) - 18 (yrs)]. (43)

The number 18 enters into the formula since, according to our /80

laws, individuaﬂﬂyounger than 18 years of age may not be allowed to

work with radioactive materials and sources of ionizing radiation.

Under continuous irradiation at the maximum permissiblefdoéé‘V
(5 rem per year) over the entire working life of a person (50 years),
no changes will be observed by current methods in the health of the
exposed individual and his descendants [25]. 1In fact, the yearly
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group dose for 106 occupationally expcsed individuals will be & - 106

person = rem. The expected number of leukemias per year for such a
group Wwill not exceed 5.— 10, i.e., only 10 - 20% of the naturally
observed number of leukemias, which is 50 cases per year per 106
individuals ({see pageljgp. The probability of occurrence of malig-

nant tumors of other organs and tissues is 10 - 20 cases for a group

dose of 5 . 106 person-rem, i.e., only 0.5 ~ 1% of the natural fre-
quency of observed cases of malignant neoplasm due to non-radiation
causes. Thus, irradiation at the level of MPD will bring about a
rather Insignificant increase in late effects, which practically

cannot be detected against the natural background of those effects.

Since the personnel make up a rather insignificant fraction of
the total population, the indicated risk is justified for socilety
as a whole, once the advantages of the new form of energy are taken
into account.  1In-addition, 1t should be noted, as mentloned pre-
viously, that due to improvements in technology and methods of radila-
tion protection, the radiation level of the majority of workers in

the atomic industry are significantly lower than the MPD.

The MPD represents the maximum dose to which persoconnel may be
exposed in the line of duty. It is recommended that work with radio-
active substances and lonizing sources of radiation be organized in
such a manner that under normal working conditions the actual radia-
tion doses of workers will be as small as possible [12, 13, 25].

Currently avallable data. allow us to state that under chronic,
periodic irradiation, the biological effects depend primarily on the
total radiation dose received over several years only if the periodic
radiation doses are sufficiently low, i:¢.5 lie in the range of per-
missible levels [12, 21]. Therefore, ﬁ%é;kQ presciribes a yearly

permissible dose, but not a weekly one, as was prescribed by MPL-1960.

Furthermore, a periodic and even single dose of 3 rem (i.e.,g.O.ﬁ_
yearly MPD) 1s allowed during 13 consecutive weeks (guarter). How-
ever, this dose may be received as a single exposure dose only during

a single gquarter of the year.
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The regulation of the annual dose, as well as the permissible
single exposure to a dose of up to 3 rem, allows a more correct
organization of work under hazardous radiation conditions, in parti-
cular, during maintenance operations, cleanups associated with the

disruption of technological processes, etc.

In a number of cases, the situation may arise where the exposure
of various workers to doses exceeding the MPD becomes unavoidable.
In the first place, all possible measures must be taken to reduce to
a minimum the overexposure. In this case, the planned overexposure
can be justified only on. the basis of extreme necessity, when dealing
with human lives, with the prevention of liquidation of the conge-
quences of a radlation accident, associated with radiation effects
on a large pcpulation_group. Personnel must be informed of possible
. overexposure. In addition, it 1s necessary to limit the number of

individuals who may be subjected to increasedié}ppsures.l A single

dose of 10 rem, i.e.; twice the MPD, is permissible in the completion
of such tasks., However, additional radiation must be. limited in such
a way that the total dose D, accumulated during the working life, is-
less than the value given by the Formula (43) not later than 5 years
after the overexposure.

Let us consider the following example. Assume that during the

clean-up of the consequences of a radiation accident, the worker was

expeosed to a dose of Dl 10 rem (accumulated dose to the present

time DO = 65 rem, age N 32 years). Therefore, after the clean-up

of the accident, D -='DO.+ Dl = 75 rem. Five years later, l1.e., at

2
age 37, the accumulated dose D3 given by Formula (43) must not exceed

D3 =5 (37 - 18) = 95 rems. It is clear that the radiation dose

accumulated by this worker during the 5 years after the accident can-
not be greater than 95 ~ 75 = 20 rem. Consequently, during the 5 /8

years after the accident, this individual must work under reconditions

such that his yearly radiation dose will not exceed 4 rem.
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In exceptional cases, a single radiation dose of up to 25 rem
is allowed. Moreover, this five-fold overexposure with regard to
the MFD is allowed only once during the entire working life. This
overexposure must be compensated for in such a manner that the accu-
mulated dose will not exceed the value given by Formula <Q3) 10
years later.

The employment of individuals who have been exposed to a single
dose of 0.5 MPD during the preceding 12 months is prohibited in areas
of increased radlatlon exposure. The completion of assignments in-
volving increased preplanned exposures exceeding the MPD by 2 and
not more than by 5 times cannot serve as a reason for stopping the
worker from fulfilling his usual responsibilities in a radiation
area. It-is important, however, to create conditions such that the
excess exposure will be compensated for after the indicated time
lapse.

It is perfectly clear that it is desirable to attract to
hazardous radiation work with high éxposures, individuals with low
accumulated exposures and who may be later used in work involving
lower radiation exposures. In all cases of work involving over-
exposure of individuals of a reproductive age (less than 30 years of
age), the accumulated dose by age 30 must not exceed 60 rem, in order
to decrease the probability of genetic effects. Based on these same
premises, women under 30 are prohibited from work involving high
radiation exposures. In general, for women of reproductive age, the
total radiation dose during 13 consecutive weeks (quarter) should not
exceed 1.3 rem, which corresponds to a yearly dose of 5 rem. Under
these conditions, the dose to the embryo during the first two months
of pregnancy, when it still cannot be reliably established, will not
exceed 1 rem, a safe value [12, 13, 25]. During pregnhancy, women
are excused from working with unsealed radiation substances during
the entire perlod of breast feedings. This is due to the fact that,
in this case, the entry of radicactive material inside the mother's
organism 1g possible, and from her milk — tc the baby.
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So far,.the discussion has dealt with planned increased ex-
posures, When, as a-result of cirecumstances, the ménagement of the
enterprise or institution has made the decision. to conduct operations
when the radiation exposure to certaln individuals may exceed the
permissible levels. The regulation of possible planned overexposures,

prescribed by NRS~69, have been detailed previcusly.

At the same time, accidents of one fype or another are possible..
at -an atomic installation, just as they are at any other industrial
plant. As a result of a radiation accident, part of the personnel
may be exposed to radiation at dose levels significantly exceeding
the maximum permissible cones. It l1s clear that it is impossible to
.regulate exposure as a result of an accident, since the accident it-
self -— as well as the related exposuré — 18 an accidental, as well
an an extraordinary, event. MNRS-69 specifies that any exposure tor.a
dose greater than 25 rem, i.e., exceeding MPD by more than 5 times,
must be considered to be potentially dangerous. The worker must be
medically examined. If contraindications are not observed, the
worker  may contlinue his usual duties. Each overexposure as a result
of an accident must be thoroughly investigated, and appropriate

measures should be taken.

Taking into account the fact that the potential danger of a
radiation accident always exists, the development of a detailed plan
is considered essential for every atomic installation. This plan
will estimate the degree of the radiation danger resulting” from a
:fradiatlon accident and—%111 deal with the protection of personnel
énd in case of need, with the protection of the population, with an
indication of the doses at which one or another measure is to be
taken. The main purpose of the measures must be the reduction to a
minimum of the radiation burden and. the number of exposed indi-

viduals [26].
"Temporary Procedural Instruction for the Development of

Measures for the Protection of the Population as a Result of Nuclear
Reactor Accidents,"| approved by the Ministry of Public Health of the
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USSR, was implemented in 1970. These instructlions gave standards
for the determination of the radiaticn environment, for the evalua-
tion of the degree cof danger, and for the development of measures
for the protection of the populaticon in case of an accident of a

nuctear reactor with a water or gas coolant.

Individuals not working directly with radioactive substances
and sources of radiation may also be subjected to the action of
radiation. These include administrative plant personnel who, 1in
the performance of thelr duties, infrequently enter bulldings where
radiocactive substances and sources of ionizing radiation are handled.
Furthermore, 1lndividuals wWorking in adjoining buildings, as well as
those in all bulldings and outdoors within the boundary of the sani-
tary protective zone, may be exposed. An exposure dose of 0.5 rem
per year'should be used as a basis for all these individuals in the
organization of work with radiocactive substances and sources of

ionizing radiaticn, as well as in the protection projections [25].

For individuals llving in the control zone and belonging to
category B (certain individuals from the population), the control
of possible radiation levels may be carried out by monitoring radia-
.tion level dose rates 1n the controlled zone, amcunts of radicactive
wastes, the radicactivity of objects in the external environment
(s0il, vegetation, water, air), and corresponding statistical evalu-
atlons. Therefore, in contrast with the personnel (category A) for
whom the MPD is establlisned and for whom the evaluation of individual
radiation doses is anticipated, a maximum dose level is prescribed
for specific individuals from the population, based on the average
exposure to the population group. Actual doses received by different
individuals living in the controlled zéne may differ, depending upon
age, welght, mass exchange, personal hap@p53 environment, etc.
Therefore, in order to estimate the radiation effect on a group,
living in the given controlled zone, it is recommended to select
the group of individuals (by age, diet, etc.) who are most likely
to receive the maximum dose, given by the average exposure dose for

the entire population group in the given controlled zone [261.
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In contrast with personnel, individuals|from the population

may inciude not only adults, but children, as well as pregnant women.
As ‘a result, the permissible dose level according to NRS-69 has been

set at a very low level, equal to 0.5 rem per year, i.e., 10 times

et
oo
A%

smaller than the MPD established for workers. Exceptions are child-

|

ren, from whom the maximum permissible radiation dose to the thyroid
has been established to be 20 times smaller than that of workers.

It is natural that the MPD established for workers (category A)
is 10 times higher than the dose for individuals from the population
(category B), since category A includes a rather small group of
people who are constantly under special medical observation, have a
reduced work-day and additional leave. Furthermore, individuals
younger than 18 years of age, or those having any. contraindications

as a result of Health are not employed in radiation connected woréi}x

The established dose level for separate individuals from the
population is only five times higher than the average natural radia-
tion background, and is even lower than the observed maximum value of
natural radiatiocn background on Earth, equal to 0.85 rem per year
(State of Madras, India) [20]. Therefore, exposure at doses estab-
lished for category B is associated with a very small risk. In fact,

if=106 individuals are irradiated to a dose of 0.5 rem, the popula-

tion dose will be eqgual to 5§ - 105 persen - fem, and the expected
risk, due to late effects, will be only 0.1 -.0.2 cases of leukemia
per year, i.e., 0.1% of the observed natural occurrence of leukemia
due to non-radiation factors. Therefore, even with some excess of
the establiished dose limit among groups of individuals of category B,
due to natural differences in conditions of 1life of various indi-
viduals in the controlled zone, no threat to the health will be pro-
duced, since the degree of risk will remain insignificant [23, 26].

it should be kept in mind that the establishedzvalues of the
MPD and dose limit do not include radiatiocn burdens! due to natural
radlation background and due to doses received during medical

examinations.
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The concept of genetically significant dose is‘introduced to
regulate the exposure of the population as a whole (category C).
It is the dose which, if received by each 1ndividual from the moment
of conception to the mean reproductive age. would lead to the same
genetic changes in the poﬁulation as & whole as those produced by

actual exposure doses received by various individuals.[12, 13, 25].

An analysis of avallable data, as well as estimates carried out
by various international and national organizations, indicates that
the genetically significant dose is'greatgrfthanAG - 10 rem per per-
son [12, 21]. This means that if the mean gonadal dose from the
moment of conception to age 30 (mean reproductive age of man) per
person is less than 6 - 10 rem from all sources of radlation prdduced
by man (including radiation from medical procedures, and with the
exception of natural background), then the addifional damage to
socliety due to genetic consequences may be consldered permissible and
Justifiable, taking into account the expected advantages derived from

the development of practical application of atomic energy [12, 21].

According to NRS-69 [25], following the recommendations of ICRP
[12, 21], the genetic dose for the entire population (category C)
from all sources of radiation, added to that due to natural back-
ground and medical procedures, must not exceed 5 rem during 30 years.
This value is 50% of the minimal dose, which, accofding toc present
day understandings, leads to a doubling of the number of spontaneous
mutations [233. In the estimation of the genetically significant
dose, it 1s necessary to take into account the contribution due to
the exposure of personnel (category A), Specific individuals from
the population (category B), as well as the exposure of the entire
population. The latter is asscciated with the global contamination
of the environment as a result of atomic weapons ftesting, and with

other possible uncontrolied sources of radiation — for example,

due to an accident invelving a space probe using isot@p@ or_nuq}eqr{
sources of energy. Table 7 glves the recommended distribution by /8
NR3-69 of the genetically significant dose according to exposure

categories.
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TABLE 7. DISTRIBUTION OF THE GENETICALLY SIGNIFICANT
DOSE (5 rem per 30 years) ACCORDING TO CATEGORIES OF
EXPOSURE [ 25]

Genetic dose, rem,
,,,,, over 30 years

Personnel (category A) ' 1.0

Ceﬁtain individuals from the
population (category B)

Entire population (cabegory C)
Reserve

LM O
e WU

The assipgned genetically significant dose of 1 rem per 30 years
to category A implies that personnel may Eégé]up 1.7% of the entire
population. In addition, they may be exposed to doses of § rem per
year, starting at age 18. The accumulated dose to age 30 then be-
comesgﬁqnfgﬁgi An -assigned genetic dose of 0.5 rem per 30 years to
category B means that 3.3% of the entire population may belong to the
group of individuals receiving 0.5 rem, per year, 15 rem over 30
years, or what is equivalent, 33% of the population exposed o 0.05
rem per year [19, 23, 26].

At the present time, tHe.contribution to the genetic dose by
the exposure of workers does not exceed 0.01 rem per é@ years, 1.e.,
1% of the recommended dose (see Table T7), while the contribution by
exposure of the population to radicactive fallout associated with
atomic weapons fesfing and by exposure due to other radiation sources
of artifleial origin does not exceed 0.2 - 0.3 rem'for 30 years
[21, 23, 26]. Thus, the total genetic dose from all artificial
radiatlon sources 1s significantly lower at the present time than the
prescribed dose of 5 rem per 30 years and, according to estimates of
the ICRP, 1n all probability will not inecrease significantly in the
near future. As a result of growth in the applications of atomiec
energy, the genetic exposure dose for the entire population, due to

technical radiation sources, will not exceed 1 rem Tor 30 years [23].
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At the same time, the development of atomic energy must provide

for a permanent control of the genetically significant dose, and for
its maintenance at the 1bwest possible level by lowerling exposure
doses of separate groups of individuals, specifically, occupational
workers and. certain individuals in the population, as well as by
limiting the number of individuals who may be exposed.

It should be noted that medical procedures add sighificantly to
the genetic dose, Thus, 1n countries like France, it is 1.8 rem for
30 years, in Swedén, Japan, and England — 0.8 - 1.2 for 30 years,
while in the United States, it is 4.2 rem for 30 yedrs [23]. There-
fore, NR3-69 recommends a strict limit on x-ray exposures during
mass prophylactic screening of the population, especially those of
pregnant women, children, and youths. 1In carrying out such screen-
ings, the achievement of the medical result should be combined with
Pational radiation protection, in order to provide a maximum reduc-

tion in the genetic dose [25].

Pathways of Entyry of Radicactive Substances

Inside the Organism

The contamination of the air and working surfaces, and somé—
times of special apparel, hands, and the body, may occur in atomic
plants or radiochemical laboratories by the disruption of seals: ef

isolation rooms, or pipes, as well as during maintenance work.:

Along with this, the contaminaticn of cobjects in the external
environment (atmospheric alr, soil, vegetation, water suppliles) is
not excluded. Potentilial sources of contamination of objects in the
external environment are gaseous, liquid and solid wastes, formed in
large quantities at atomic installations. As production technology,
transport method, and burial of radioactive wastes become more im-
proved, the significance of this source of contamination decreases.
At the present time, solid and liquid radicactive wastes are storad
underground or at the surface in special vaults which practically

eliminate the leakage of radicactive materials into the external
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environment. At the Same time, 1n England and the U.3.A., liquid
radicactive wastes, until recently, were disposed of in the seas and
oceans. Undoubtedly, this method of waste disposal, in time, would
have brought about a significant increase in the activity of the seas.

It is well known that, at the present time, an international
agreement has been signed that pronibits the pollution of the seas
and oceans by wastes, including radiocactive products. This undoubt- |
edly will contribute to the prevention of contamination of objects

in the external environment.

It was mentioned previocusly that an atomic plant accident, as:
a result of which significant amounts of radicactive wastes may enter
the enternal environment, is not unlikely. As a resuit, atmospheric
gases, solls, vegetation, and water supplies will become contaminated
by radiocactive substances in a given territory around the installa-
tion (depending upon the magnitude of the accident).

Radiocactive contamination due to wastes from atomic industry or /B

as a result of accidents are of a local nature® which facilitates

the implementation of radiation safety measures.

In addition, a world-wide source of poliution of the environment
exists due to fallout from the upper lavers of the atmosphere of
radiocactive materials accumulated -there as a result of atomic

weapons testing.

Due to the contamination of the ailr, surfaces of places of work,
and objects of the external environment by radiocactive substances,
the possibility of thelr entry into the human organism by various
pathways is not excluded. In particular, radioactive materials in
the form of gases or aerosols in air, i.e., suspended tiny droplets
or solid particles, can penetrate into the lungs in the process of
- breathing, and are then carried by the blood throughout the

organism,

%
We do not consider here disposal at sea.
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Radioactive substances may also enter the organism from con-
taminated surfaces,_@§n§§jgand-special apparel. These pathways of
entry will be discussed below (see pagem}g@).

Radioactive materials which settle on the soll are accumulated
by the root system of the plants, and may enter the human body by
the biological chain: planﬁ - maﬁ, or plant wfwﬁnimal'milk and meat

— man, etc.

Radicactive substances may enter the human organism from con-

u

taminated water supplies by the chain: water — algae, plankton, |
benthos — fish -—— man; or, if the water supply is potable, they may
enter directly by the chain water — man.

The relative number of radiocactive substances passing from one
link of the biological chain to another is known as a coefficient

of discrimination.

_ It is clear that the fraction of radloactive materials passing
from objects of the enternal environment to man are different, while
the entry pathways are varied and depend on many factors, including
chemical properties of the. isotopes, physical-chemical forms of the
compounds, in particular — solubility, chemical biological proper-
ties of the soil, types of fertiligers, climatic conditions, living

tonditions, and diet of man in the particular region, etc.

It should be noted that in industrial buildings, the principal
pathways of entry of radioactive materlals into the organism is by
inhalation, i.e., by means of the respiratory system. From objects
of the external environment, the pathway 1is along the food chain,

i.e., oral.

Let us consider briefly the fate of the radicactive isotope in

the organism as a function of its method of intake.

Radioactive aerosols, depending upon the dispersion of the

particles, are retained to a different degree in various parts of
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the respiratory system. For example, aerosols with particle size
greater than 1 um are primarily retained in the upper respiratory
system. Particles down to 0.1 um-are retained in the tracheobron-
chial region, while particles smallér than'O-lLMm are retained in
the lung alveoli and’are then carried to various tissues of the
ocrganism by means of the blood [27]. Radioactive isotopes from the
upper respiratory tract,ﬁéjnot enter other orgéns and tissues. They
are cleared from the organism after a certain time period by various
cleansing processes. Thus, the fraction of radicactlve materials
entering other organs from the lungs depends substantially on the
dispersion of the inhaled aeroscls. It -is also clear that the rate
of transfer of radloactive materials from lungs to other systems of
the organism 1ls proportional to the solubility of inhaled aerosols
in physiologic liquids of the organism, specifically, in the lymph
of the blood.

Radloactive substances enter the gastro-intestinal tract by
means of oral ingestion. There they are absorbed into the blood and
~are distributed throughout various organs and tissues. The smaller
.ﬁﬁé solubility of the compound, the greater the fraction that will
be transmitted and evacuated | from the organism.

It is known that various chemical elements, depending upon their
role in exchange processes 1In the organism, have a tendency to accu-
mulate preferentially in specific organs. For example, radium,
strontium, phosphor are primarily concentrated in bone, iodine —
in the thyroid, cesium — in muscle, ¢obalf — in|The spiceniand in
the pancreas, polonium — in the thyroid, kidney; sodium is uni-

formly distributed in the entire organism, etc.

It 1is clear that radiocactive isotopes of a given chemical ele- /91
ment will act in the body 1in an analogous manner. Conseguently,
once-having entered the blood from the lungs or gastro-~-intestinal
tract, the radioactive isotope will be concentrated preferentially
in the organ or group of organs which also concentrate its non-

radiocactive analog.
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The retention of one or another chemical element IiIn the organism
depends on the intensity with which it takes part in exchange pro-
cesses. FPor example, elements such as radium and strontium practi-
cally remain. in the organism during the entire lifetime. Tritium,
ceslum, polonium are rather quickly cleared from the organism. The
clearance time of an isotope from the body clearly depends on the
solubility of the chemical form of the isotope at entry 1nto the

organism.

The time required to reduce the amount of a gilven chemical ele-
ment in the organism by a factor of two by means of physiologlcal .
exchange is known as the bilologiecal half-life Tb' For radiloactive
isotopes, the refention time in the organism depends also on the
decay half-life. As a result, the concept of the effective half-1life

is introduced for radicactive isotopes.

The effective half-life Teff is the time required to reduce the

amount of a radioactive isotope (activity) in the organism by a

factor of two:

F b
T = e (hu)
eff TF + Tb

Where{Teff ig the decay half-1life of the isotope.{
From Formula (44), it follows that if the decay half-life %ﬂ /G2
is short, while the bioclecgical half-1ife Tb is large, then Teff &ill

be determined by T?F and vice wversa.

.

Table 8 presénts several examples of the values of the effective

half-lives for radiocactive Iisotopes.
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TABLE 8. EFFECTIVE HALF LIVES OF A FEW RADIOACTIVE ISOTOPES
IN GIVEN ORGANS OF RETENTION, DAYS

Isotope Organ of retention TF Tb Teff
i3 Whole body 4.5 . 103 | 12 12
a2t n " 0.63 11 0.6
p32 Bones 14,3 1155 14.3
rt31 Thyroid 8 138 7.6
cs137 Muscle 1.1 - 10% | 140 140
Cell{uF Whole body 290 563 191
po21l Spleen 138.4 60 42

5 Maximum Permissible Dosles for Internal Exposure

The biological action of internally deposited radiocactive iso-

topes 1is determined by the absorbed dose, produced by the radiation,

emitted by the given isotope in the process of decay during the time

of refention in the organism.

Since some isotopes are eliminated

exceedingly'slowly from the organism, they wlll subject it to con-

tinuocus irradiation during a prolonged period of time.

1t -was previously indicated that various radiocactive isotopes

are preferentially accumulated in organs and tissues of the
However, :
ance of the normal vital activity of the entire organism is
A3 g result, the degree of radiation damage from internally
radicactlve substances In the organism will depend not only

it is known that the role of various organs in the

o;?%nism.
mainten-

different.
deposited

on the.

size of the dose, produced by emitted radiation, but alsc on the

organ, preferentially accumulating the radicactive isotope,

on the critical organ.

l.e.,.

The ecritical organ is the organ in which the accumulaticn of

the radioactive isotope
organism.
ing upon the solubility
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leads to the most severe damage to the entire

It should be noted that one and the same isotope, depend-

of the compound and the pathway of entry into



the organism, may have various critical organs. It is clear that for
insoluble compounds, the lungs and the gastro-intestinal tract will
be critical organs for inhalation and oral ingestion, reépectively.
For soluble compounds, con the other hand, the critical organ will be
the organ accumulating the chemical element of the given 1isotope as

a result of exchange processes in the organism.

By taking into account the different roles played by wvarious
organisms in the sustenance of the vital processes of the organisms,
the MPD for external and internal exposures have been established for

four groups of critical organs wor tissues [12, 13, 25, 28].
Group I. Whole body, gonads, red bone marrow.

Group II. Muscles, fatty tissue, liver, kidneys, thyroid,
gastro-intestinal tract, lungs, and other organs, with the exception
of those belonging to groups I, ITI, and IV. The crystalline lens
of the eye, which was previously included in group I, is presently,
included in this group of critipal organs. However, for radiations
with high LET (neutrons and protcons), higher values of the quality
factor, indicated in Table 6, are used [12, .13].

Group III. The bony skeleton, thyroid, and skin (excludihg

the skin of the wrists, forearms, ankle, and ﬂootX.
Group IV. Wrist, forearms, ankle, and foot.

Table 9 includes the MPD prescribed by NRS-69 for external and.

internal exposures for personnel (category A) for various groubs of _1§

critical organs, and maxlimum doses for external and internal ex-
posures for certaln individuals from the population [25].

It should be neoted that for children and youths younger than 16
years of age; maximum dose for the thyroid (Group III of .critical
organs) must not exceed 1.5 rem per year, i.e., it is twice as small
as the established dose for the adult group of certain individuals
from the population (category B), which is 3 rem per year.
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TABLE 9. MAXIMUM PERMISSIBLE DOSES AND MAXIMUM DOSES FOR
VARIOUS GROUPS OF CRITICAL ORGANS OR TISSUES

Group of critical |Maximum permissible dose for . Maximum dose for
organs or tissues workers, rem certain individu-
als of population
Per quarter Per year (rem/yr)

I 3 5 0.5

Ir 8 15 1.5

11T 15| 30 3.0

IV 40 75 7.5

In order to estimate the radiation exposure to a glven critical
organ, it is necessary to know the activity of the isotope, locali-
zation in the given organ, type and energy of the emitted radiation,
mass and slze of the critical organ, as well as the effective half-
life of the 1sotope in the given critical organ. DMoreover, if the
‘radioactive decay of the given isotope is not accompanied by Y—ra@%a—
tion, then the entire energy of these particles will be absorbed'in ;
.jfﬁé"érgaﬁ"d¥ deposition, since the ranges of a- and B-particles in
”bioiogicalAtiSSues are not great. Other organs will not be affected
by radiatlion. However, 1f the radiocactive decay is accompanied by
the emission of y-photons, then in view of thelr great penetration,
other organs.and tissues will also be subjected to the action of

radlation. However, the exposure dose produced by y-radiation will

be small in comparison with the dose produced by o- and B-particles, = -

and. it may be neglected in calculating radiation expesure to the
organism. Only in. the case of uniform distribution of the isctope
throughout the entire organism is 1t necessary to congider the con-

tribution to the dose by y-radiation.

If the concentration in the critical organ, CO (uCi/g) of the

isotope is known, then the exposure dose D (rad), produced in the
given organ during a time t (days) from the moment of entry, can be
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rather easily calculated from the formula:

0.693t
T

eff

D=73EC, T pp\l-ce rad. (45)

Here, E is the effective energy of - and B-particles per disintegra-

tion in MeV; Tef is the effective half-life of the ilsotope in the

f
organism in days.

1t is clear that the radiation dose D to a critical organ for.
total elimination, i.e., for t - «, will be equal to:

D, =.73 E Cy Topp rad. | (46)

The given formulas apply for uniform distribution of the isotope
in the c¢riltical organ. For a non-uniform distribution of the isotope,

the calculation cof the dose becomes more complex.

For a comparative evaluation of the biologleal effect produced
by the entry of the organism of one or another radioactive isotopes,

in experiments’ on animals cne .can determine what organs or tissues

™~
=)

are critical, depending on the pathway of entry and on the physical-
chemical properties of the compound. These data make it possible to
determine the maximum permissible gontent) (MPC) of the radicactive

isotope in the critical organ for which the radiation dose will be-

come egual to the maximum permlssible onhe in accordance with Table 9.

To illustrate this, Table 10 gives wvalues of the MPC for a few
radioactive isotopes, i.e., activities which will produce the maximum

permissible radiation burden in the critical organ (category 4).

Data in Table 10 indicate the following: if the activity of the
isotope in the critical organ will remain constant (as a result of
continuous entry, ét_a fate equal to its elimination from the criti-
cal organ), then the radiation burden of the critical organ will be /96

equal to the maximum permissible one. For example, if, during the
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TABLE 10. MAXIMUM PERMISSIBLE AMOUNTS OF RADIOACTIVE ISO-

FormcgipiiEEOPE in ! critical organ fgi’
Cl“ Soluble Fat 1.6 - 10?
P32 " Bone 3.1
Inscluble Lungs 1.2
0060 Soluble Whole body 13
Insoluble Lungs 1.2
Srgo Soluble Bone 2.0
Insoluble Lungs 0.76
1131 Soluble Thyroid 0;15
Insoluble Lungs 2.8
cst37] soluble Muscle 14
Insoluble Lungs 2.0
Irl92 Seoluble, Kidneys 0.5
Insoluble Lungs 1.4
Po210 Soluble | Spleen 0.0020
" Kidneys 0.0045
Insoluble Lungs 0.015
Ra226' Scluble Bone Q.10
Insoluble Ehng83, 0.0152
Pu239 Solube ' Bone 0.041
Insoluble Lungs 0.016

year, the amount of iodine in the thyroid remains 0:15—@@1, while

that of Cs137 in muscle 1s egual to 14 plCi, then the radiation dose
will be equal to the MPD, i.e., the radiation dose to the thyroid

will be 30 rem per year, and 15 rem per year to the muscle (see

Table 9).
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Maximum Permissible Intake of

Radicactive Substances

Working conditions should be created such that, if the entry of
radiocactive substances into the organism is possible, the annual MPD
' prescribed by NRS-69 for the critical organ (see Table 9) will not
be exceeded. Conseguently, the entry of radicactive substances
through the respiratory of digestive systems must be such that the
amount of the radiocactive isofope in the critical organs will not
exceed the MPA, i.e., the value corresponding to the‘maximum per-
missible radiation burden. If was previously mentioned that in in-
dustry, the most probable and principal pathway of. intake of radilo-
active substances into the organism is by inhalation. As a result,
NR3-69 established for personnel (category A) an annual MPI (maximum
permissible intake) of radicactive substances through .the respira-

tory system.

Since the contamination of the alr, water supplies, soils, and
vegetation by atomlc industrles in the area may be. caused by radio-
dative wastes or as a result of a radiation accident, maximum annﬁal
intakes (MAI) of radicactive materials through the respiratory and.
digestive systems have been established for certain individuals from

the population (category B).

The prescribed MAIL serve as a basis for the establishment of the
zone of explosions and permissible wastes of radicactive gases and
aerosols from the stacks of atomic power plants or radiochemical
laboratories, as well as for determining the possibility aﬁd magni-
tude of utilization of contaminated water, fish, vegetables, grasses,
or other food products in case of need.

Table 11 gives some examples of the MPI and MAI for certain

Jdsotopes.
In accordance with NR3-69, a single or short-term intake orf

radicactive isotopes into the organism (equal to half of the MPI)
is allowed, provided that the actual annual intakes do not exceed
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TABLE 25. MPI AND MAI OF SOME RADIOQACTIVE ISQOTOPES [25]

MPL for MAI for certain individuals
Form of isotope personnel, from population, uCi/yr
in compound resplratory
system, Respiratory Digestive
uCi/yr system system
clt Soluble 8.7 « 10° | 8.7 - 10° 6.6 « 10°
p32 Soluble 1.8 « 10° .18 15
Insoluble 2.0 . 107 20 18
0060 Scluble 8.0 102 80 39
Insoluble 22 2.2 28
sp? Y Soluble 2.9 0.:29 0.32
Insoluble 14 A 28
1t3d Soluble 21 : 1.6
Insoluble 8 + 10° 80 51
cst37 Soluble 1.6 - 10° 16 12
Insoluble 36 3. 35
Tt 70 Soluble 87 8.7 37
' Insoluble 87 8.7 37
Ipt72 Soluble 3.1 - 10° 31 32
Insoluble 64 6.4 30
po=10 Soluble 0:12 0.58
Insoluble 0.05 23
Ra?20 Soluble 7.1 - 107 | 7.1 . 1072 9.6 - 1072
Insoluble 0.2 0.02 25 ,
pu?3? Soluble 5.3 - 1073 | 4.3 107" 3.6
Tnsoluble 9.5 - 107 (9.5 - 1073 23

the ﬁ?f; Just as in internal ‘exposure, in exceptional cases, the

intake of radilocactive

materiails is allowed to execeed the MPI by a

factof of twe in each single instance, or by a factor of 5 over the

entire period of work.
is impossible to take

of personnel from occurring.

However, this can be justified only when it

measures which will prevent such overexposure

Moreover, in-each case, the worker

must be warned about the possibility of the intake of radiocactive

materials exceeding the MPI inside the organism.
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The primary new feature in NRS-69 1n comparlson with the pre-
vious standards [24] are the regulatlons dealing with the recommenda-
tion of the ICRP, fthe maximum permissible annual intakes (MPI) of
radloactive isotopes in air for breathing during working hours, and
maximum annual intake MAI through the respiratory and digestive
systems for single individuals from the population. The inclusion
of the MPI and MAI is undoubtedly a step forward on the road to a

more objective evaluation/iiof.the danger of internal exposure, to

1mprovement in the control of radiation, and to a more rational

organization of work under conditions of’ p0551b1e intake of radio=-
active substances inside the corganism,

According to NRS-69, the annual intake of radiocactive materials,
rather than their concentratlon in air or water, turns out to be the
most significant parametér in the evaluation of the danger from in-
ternal exposure., The use of concentrations as standards assumed
that exceeding the MPC by any amount, even for a short term, was
inadmissible, even though the amounts of radicactive materials in
the medium of interest may have beén,;moments before or after, sig-

nificantly lower than the MPC, compensating fully for the excess.

Furthermore, investigations of the radiation environment show
that, as a rule, the concentration of radiocactive materials, measured
at various pcints of a building, vary considerably depending upon
type and size of the building, location and nature of the sources of
radicactive materials, disruptions of the ventilation systems, their
power, and other parameters which are difficult to take into account.
It ‘1s practically impossible to evaluate the uptake of radicactive
materials by the organisms of specific workers on the basis of meas-
urements of concentrations at one or even at a few points in a
building at various different intervals of time. Consequentiy, it
is impossible to evaluate the radlation burden, due to the uptake
of radioactive materials by the organism. Therefore, in evaluating

the hagard due to internal exposure and in making decisions on the

organization of work, the constraint is the intake or content of the

isctope in. the human body, rather than the concentration in the-

surrounding medium.
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However, on the basis cf a greater number of measurements of
the insfantaneous concentration during a prolonged time interval (for
example, a year), it is possible to determine the average annual con-
centration of a radicactive material in the air of a gi?en work ‘
building. The knowledge of the average annual concentration, as
well as the duration of the worker's stay in. that building, will
make 1t possible to estimate approximately the annual uptake of
radicactive materials inside the corganism. Furthermore, it is pos-
sible to evaluate the disruption of the technological process and to
take necessary measures to prevent the overexposure of personnel on
the basis of datalon,the concentration of radiocactive materials in

the air of work buildings.

In order to carry out conveniently the operational control over
the radiocactive content of materials in the environment, mean annual
permissible concentrations (MAPC) were established for radiocactive
materials in the atmosphere of work buildings, as well as in the
atmosphere outdoors and in water for certain individuals from the
~population. Moreover, short term excursiocns exéeeding the MAPC in
the environment should not be considered as being dangerous, since
mean annual concentrations, rather than instantaneous values (as
prescribed by SR-333-60 [24]) are presently being regulated. In this
connection, one of the important objJectives of radiation protection
services 1s the compilaticn of the necessary statistical data on the
measurement of instantaneous concentrations for a more reliable
determination of the mean annual concentrations in various work
buildings, as well as in atmospheriec air surrounding the installa-
tion, and on the accurate record of the time spent by various

individuals in one building or anether.

Cases- of Single or repeated excursions above the MAPC, carrying
a potential danger of exceeding the MPI of radioactive isotopes for
corresponding categories of irradiated individuals, should be in-

vestigated and their causes eliminated [28].
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The following relationship exists between the MPI and MAPC:
MPI (nCi/yr) = 10% mMapc (ci/z) ' @ (Z/yr), (47)

where @ 1s the amount of inhaled air or consumed water per year.

It is assumed that the volume of air inhaled by personnel (cate-

l;ggty_gllduring working hours (36-hour work week) 1s 2500 m3/yr (2.5

lO6 l/yr), while that inhaled by an adult individual from the popu-

lation is 7300 m3/yr (7.3 - 106 Z/yﬁﬁJ The consumption of water by an
adult individual in food products or in liquid form is 800 Z/yr (2.2

t/day) [12, 13, 21, 25].

Examples of values of the MAPC are given in Table 12 for several
radicactive isotopes.

TABLE 12. MEAN ANNUAL MAXIMUM PERMISSIBLE CONCENTRATIONS,
Ci/%7, FOR CERTAIN RADIOACTIVE ISOTOPES [251%

Radic- For all personnel For certain individuals from pop.
active in the alr of work '
isotope buildings In air In water
P aCll- C3,5-107% , 1,2 10“°,-1 " 8,9, 10-?;;_
DI L S 7.2-108 2,4:- 1072 | 1,9.0078.7
" Cost §,8.10718 - C Bagme o 3500780
B LR S DTS 1o L B2 (L RN R P 1 o L
e ] 8 4. 10m1e 2,9-10~13 72,0.107%
Ca1¥7 1,4-1002 4,910 1,5:107¢ -
“Tmi? 3.5.10-11 1,2-107¢ - 4,6:1078.
R L B Y B Vo BN S LI W T
-7 Potle - 2,0.1071 © 06,8107 .o 7 3010710
|~ Ra¥ - . 1,0.10-1 v 13,5107 120107 -
R e RSO IR WY L . 5, 9 IO‘"; p a1

#* . : .
Translator's note.. Commas in numbers represent decimal points.

In conclusion of the present section, 1t should be noted that /100
the MPI and MAI are not regulated for the radiocactive noble gases
argon, krypton, xenon, and for the short-lived isotopes of carbon,
nitrogen and oxygen, since the radiation hazard associated with
their presence in air 1s determined not by internal, but by external

exposure, as a result of their rapid elimination from the organism.
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Therefore, the radiation danger resulting from an atmosphere con-
taining these 1sotopes 1s determined by the dose of external B-
and %}irradiation.

In most cases, water and air may be contaminated not by one,
but by a number of various isotopes, for example, by a mixture of
uranium filsslon products. In this case, the MPI on water and air

may be determined from the formula:

MPL .. (48)
MAPC . (49)
where MPIi is the maximum permissible intake of the ith 1sotope in /101

the mixture; P; is the percentage contribution of the ith isotope

(separately for o- and B-emitters); MAPCi is the mean annual maximum

permissible concentration of the ith

isotope in the mixture. If the
relative contributions of each isotope in the mixture are unknown,
then the MAPC of the mixture is determined on the basis of the most

toxie 1sotope.

For mixtures of isotopes of unknown composition, the fbllowing
values of the MPI and MAPC 1n water and air are assumed (Table 13).

It should be noted that for purposes of comparison of the
hazard due fo possible internal exposures in working with unsealed
radicactive materials, 21l radioactive isotopes are divided into
five groups according to their radiotoxicity [28].

The assignment to a particular greoup of toxicity is made on the
basis of the maximum permissible activities of the radioisotopic
sources at the place of work, not regquiring 1icehsing or permission
from the sd@i§aryepidemiological services. These vajues of the
maxlmum permissible activities of the sources at the place of work
are gilven in NR3S-69 [251.
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TABLE 13. MAXIMUM PERMISSIBLE INTAKE AND MEAN ANNUAL, PERMISSIBLE
CONCENTRATIONS FOR ISOTOPIC MIXTURES OF AN UNKNOWN COMPOSITION*

0
‘ b MAI for certain MAPC, Ci/l:
i I Vs I S [
Coﬁgziagiongf go = individuals from _ --
unknown N~ puggia?ion, Air of y Atmos- || Open
constitution £?$§ = H y work pheric || water
L85 |Respira- Diges- ??Ldgs._ alr ) supplies
=Reaihd tory tive T e
la-emitfer! 0,001 '0.0001].0;08] - PR EHA}ufﬁ‘Lbdﬁﬂ
ﬁhemitter Lo i fj L -E N
itao Ac??? os e
B Emltterﬂ IR R L

¥
Translator's note. Commas in numbers represent decimal polints.

Elements of especlally high radiotoxicity — Group A. These /102
include isotopes whose maximum permissible activity at the place of

Pu239, POElO, Ra226

]

- work MPA 1s equal to 0.1 uCi. For instance,

and others.

Elements of a high radiotoxicity — Group B. These include
isotopes with MPA equal to 1 upCi. For instance, Ra223, Srgo, 1131,

and others.

Elements of moderate radiotoxicity -— Group C. These include

~isotopes |with MPA equal to 10 uCi. For instance, PmluT,‘Irlgz, 05137

3

and others.

Elements of least radiotoxicity — Group D. These include iso-
topes with MPA equal to 100 uCi. For instance, Clq, BeT, ngT.

Elements with MPA equal to 1000 uCi belong to Group E, For

instance, H3.
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It is clear that such a distribution of isctopes into grodps
acoording to radlotoxicity is made for the convenience in evalué%ing
hazards of working with one or another isotope, and is of an arbl-
trary nature. At the same time, it allows one to carry on work with
certain amounts of radiocactive isotopes in conventional installations,
without the necessity of cbtalining permission from the sanitary-
epidemlolegical services for this work. For instance, it is possible

to work with 0.1 wlci of Po°T?

gpd 1

, 1t or 80°°, 10 We1 cs?37, 100 Wi

, and 1000 Wi H> in conventional laboratory installations with-

out special permission.

Permissible Levels of Contamination by Radioactive

Materials of Working Surfaces and of the Body

In working with radiocactive materials, in particular, in main-
tenance work or in the c¢lean-up of spills or leakages of radiloactive
materials from technological systems (for instance, systems of the
primary shield of the nuclear reactor), the contamination of working
Surfaces, and sometimes. of the hands and bodies of the workers,"ﬁm
radicactive materials. becomes possible. In this case, the radicactive
substances present a hazard as sources of external irradiation in the
contamination of hands and body. In-addition, the contamination of
the surfaces and body may serve as potential socurces of internal
exposure for two reasons. in the first place, the radiocactive mate-
rials contaminating the floor, walls, or equipment in a bullding
could be blown off into the alr, due to the movement of people and ﬁlgi
the execution of varicus tasks, creating lncreased concentrations of
aerosols. In'thersecond place, the radioactive materials may enter
the organism as a result of being absorbed through the contaminated
skin. Furthermore, the posslibility cannot be eliminated fhat the

radicactive substances can be hand-carried to the mouth.

Even though the radiation burden to the skin can be rather
accurately estimated and, consegquently, the permlissible contamination.
levels determined on the basis of only the external Interaction fac-

tor, it 1s significantly more difficult to estimate internal exposure
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factors, which depend on many parameters. In fact, the fraction of
radicactive materials which may enter the organism as a result of
skin absorption depends on the skin condition of a given individual,
on the physical—chemical properties of materials on the skin, on- the
humidity and. temperature of the alr in the building, nature of the
work, ete. [291].

.The fractlon of the radloactive materials passing from contami-
nated surfaces to the air of the work building (coefficient of
transfer) also depends on many factors: on the nature and intensity
of the work in the building, on.the amount of equipment in the build-
ing, on the material of the contaminated surface, and on the physi-
cal-chemical properties of the radiocactive materials contaminating
the working surfaces, multiple exchanges of air, etc. An even greafer
uncertalnty and difficulty lies in estimating the coefficient of
transpoﬁﬁ?of the radicactive materials into the organism through the
mouth from contaminated hands. This coefficient, in a certain sense,

is ma%g}y subjectiveii‘For example, let us note that the fraction of

'plﬁﬁénium absorbed through the skin varies| from 1.8 - ld:§}to 5
10'_5 (0.18 - 0.005%) [30]. For the most radiotoxic element Srgo,
this coefficient is 3 + 1072 ~ 4 - 1073 (3 - 0.4%) [31]. The coeffi-

cient of transfer varies between 1072 to 10753 [32, 33], i.e.; ap-

proximately'bne thousandth to a tenth of one percent of the activity
is transferred to a unit volume from a unit area. The coefficlents
of transport of radicactive materlals to the gastrointestinal tract
through the mouth by means of contaminated hands 1s set arbitrarily

at not more than 10%.

In view of the large uncertainty in the values of the coeffi-
cient ¢of transfer of radiocactive materials from contaminated surface
to air and into the organism, as well as in the values of the co- i;gi
efficient of absorption through the skin, the most unfavorable con-
ditions, i.e., the maximum values of the coefficient of transfer
were taken 1n the establishment of the permissible levels of con-

tamination of surfaces and the body. Furthermore, these standaras
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TABLE 14. PERMISSIBLE LEVELS OF CONTAMINATION OF THE SKIN
(particles/cm@ + min), PERSONNEL AND SURFACES OF WORK BUILD-
INGS IN THE CONTROLLED AREA {25]

Contaminated object g-emltlbing 1sotope| g . pitting
isotope
. High
toxicity. Other

Skin of personnel (category A) 5 5 100
Surfaces of work buildings and

equipment :

a)  Permanently assigned personnel 10 40 2000

b) Partially serviced {(building

in a three zone design) 100 400 8000

are gignificantly on the safe side, silnce methods of protecting the
respiratory system are mandatory in the performance of work in a
contaminated bullding. The work is conducted in special apparel and
gloves, a fact which significantly reduces the probability of a
contaminated body (see Chapter 4).

Tables 14 .and 15 present the permissible levels of contamination
of external surfaces of equipment, instruments, the surfaces of work
buildings where radicactive materials are used, as well as of skin
surfaces of personnel and external surfaces of individual protective
agent. Specific permissible levels of contamination have been estab-
lished for all B-emitting lsotopes, and for two categories of a-
emitting isotopes: highly toxic, and all -others. The highly toxic

c-emitting isotopes 1nclude those with a MPC in . the air of work

buildings less than 2 - lofl5‘Ci/Z — for instance, Pu239, Cf25l,

and a few other transuranium a-emitfing isotopes.

Clearly, the level of ¢onftamination of surfaces and hands must
be establlished only for personnel, since no amount of contamination
is permissible in locations where work with radloactive substances
is not conducted.
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TABLE 15. PERMISSIBLE LEVELS OF CONTAMINATION BY RADICACTIVE
MATERIALS OF PERSONNEL PROTECTIVE ARTICLES {particles/cm2 * min)

[281
a-emitting isotope
Contaminated cbject B-emitting
isotope
High 4
toxicity Other \
Towel 5 5 100
Speclal apparel 5 5 160
Inner surface of facial portion
of protective article ' 5 5 100
‘Basic work cloéthes] 10 40 800
Additlonal protective clothing;
a}) Inside surfaces 10 40 800
b} Outside surfaces 100 400 8000

Levels of radicactive contamination of internal surfaces of
chambers, isolation rooms, exhaust hood, as well as equipment located
there, are not regulated. PFurthermore, the contaminated obJects and
surfaces must not contaminate the air'atllevels greater than the
established MPC in work buildings, or bring about an overexposure
of hands working in exhaust hoods and chambers [28].

In,contrasf with the "Sanitary Rules" implemented in 1960
(SR-333-60) [24], the "Principal Sanitary Rules" approved in 1972
(PSR-72) [28] do not regulate the levels of contamination of hands
and speclal apparel prior to and after cleaning, since this does not

have any speclal practical signiflcance.

The skin should be decontaminated down to background values.
Cleothing and special apparel should alsoc be decontaminated down to
"minimum possible levels. However, when 1t 1s impossible to achieve
this, 1t is allowed to use speclal apparel with a level of contami-
nation not exceeding values glven in Table 15. Contamination of
personal clothning and shoes is not permissible. It should be noted
that if the activity cannot be removed from the surface.(i.e.,
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cannot be decontaminated by the usual methods) then it presents a /106
lesser hazard than 1f it could (for example, unwashed special

apparel). The transfer of activity to the alr and to the body and,
consequently, its intake intec the organism is less probable in the

first case than in the second.

In much the same way, the differential approach to the estab-
lishment of contamination levels for surfaces for various bulldings
appears to be fully justified, considering that these standards are
established with a large margin of safety. Actually, in the second
zone (see Chapter 6) where maintenance workers are provided with
special apparel, additional methods of individual protection and
respirators, and where a sanitary workup is always made, there is no .. i
need to regulate the levels of contamination as stringently as 1n
buildings housing, for example, conventional radiochemical labora-
tories of the II and III classes where the spread of materials beyond

the confines of the place of work is more likely.

Moreover, a less stringent regulation of the contamination
levels in the first case and the strict control at the exits from
the zone eliminates, on one hand, the possibility of the spread of
radioactive materials beyond the boundary of the zone, and at thé

same time improves the capability of conducting maintenance work.
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CHAPTER 5

CERTAIN ASPECTS OF THE DOSIMETRY OF IONIZING RADIATION

Methods of Detecting Radiation

Instrumentation capable of detecting the radiation level is
necessary to evaluate the radiation environment at locations where
work with radiocactive materials 1s conducted. The principles of
operation of any Instrument designed for the detection of penetrating

radiation is based on the medsureément Of the &ffects produced during

the infteraction of radiation with matter.

The ionization detection method is the most widely used one
up to the present time. It is based on the measurement of the direct
effect of the interaction of radiation with matter, i.e., on the de- /107
gree of lonization of the medium traversed by the radiation. Other
methods  of detection are based on the measurement of secondary ef-
fects, produced by iconization (darkening of photographic‘film,
luminescence of certain materials under the action 6f radiation,

changes‘in the chemical or physical properties of the materials.

Let us examine in greater detail the methods of detecting

lonizing radiation, which currently find practical application.

Ionization method R —— B

Figure 19 gives the circult for an ionization chamber. It in-
cludes an air capacitor with two charged plates A and C, with an
applied voltage produced by the battery B. In the absence of a
radiation source, the air acts as an insulator and no current flows
through the capacitor. If ionizing radiation interacts with the air
layer between the electrodes, ions will be produced in the gas.

These lons will move under the action of the electric field toward
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Figure 19. Circuit diagram Figure 20. Volt-ampere char-
of an donligation chamber acteristic curve for an air
capacitor

the plates and the meter of the galvanometer:§ will indicate the.flow. |

of an electric current in the circuit.

Figure 20 shows the dependence of the intensity of the ioniza-
tion current i on the voltage V, applied to the plates of the capa-
cltor. This curve is known as the volt-ampere characterlistic curve
of the air capacitor. If the voltage is not large, then a fraction
of the ions will be able to recombine during the movement towards
the charged plates. Increasing the voltage decreases the probability Zlg@
of recombination. As a result, the intensity of the ionization éur—

rent increases.

At some initial voltage VS, all ions formed by radiation will

reach the plates of the capaecitor, and a further increase in voltage.
will not increase.the lonization current. The voltage range from

VS to Vp, over which the lonization current remalns constant, 1s

known as the saturation region. The intensity of the ionization
current passing through the alr capacitor at these voltages is Knewn
as the saturation current. Having measured the magnitude of thel
ionization current i in the saturation region, it is easy to deter-

mine the number of ion pairs Ny formed per second by radiation, and

thus indirectly to determine the dose rate of the radiation as well:

(50)
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where e is the charge on the electron (e = 4.8 . ] =10

1.6 - 10™19y.

5

If the voltage exceeds Vp, the ionigzation current will once

again begin to increase, since the electrons formed by radiation in
the process of lonization will gain enough energy in their movement
towards the positively charged plate to produce ionization by them-~
selves. This process is known as ionization by collision. The
energy gained by electrons is proportional to the voltage as 1s the
number of ion pairs formed by them in the process of gas amplifi=
cation.

In the voltage range from Vp to VC, there is a strict propor-
tionality between the number of ilon pairs Ny formed per second by. the

primary radiation and the total number of ion pairs n formed per sec-

ond in the volume of the gas:

Coon=kn

where k is a constant for a given voltage which is known as the gas
amplification factor. This factor gives the ratio of the total num-
ber of lon palrs produced in the gas space due to the collision foni-
zation to the number produced by the primary radiation. Since the
intensity of the i@nizati@njcurreﬂt is egual to the product of the
fotal number of ion pairs n 1n the gas space and the charge on the

individual ion e, we obtain from Equation (51):

(52)

Thus, it 1s possible to determine in this casé the number of
ion pairs formed and, consequently, the dose rate of radiation ag
well, by measuring the ionization current i and by knowing the gas
amplification factor k.

Let us consider further the volt-ampere characteristic given
in Figure 20. If the voltage between plates will become greater

than Vc’ then the production of a single ion pair in the gas space
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will give rise to a current between the plates. Furthermore, its
intensity is independent of the initial ionization. This region of
the volt-ampere characteristic curve is known as the conftinuous

discharge.
In this case, even if only one ionlzing particle passes through
the capacitor, it will produce a discharge between the plate, and

therefore will be detected.

lonization chambers. An-air or gas capacitor operating in the

saturation reglon is known as an lonization chamber, provided that it

has an applied voltage between Vs and Vp (see Figure 20) and is de-

signed for the measurement of ionization produced by radiation.

The saturation voltage of ionization
chambers operating at normal pressures is 100 -
300 V.

Ionization chambers are most freguently
cylindrical in shape (Figure 21). The body 1

of the chamber is grounded, while the rod 3, .

known as the central electrode, is charged posi-

tively. To decrease the leakage between the

central electrode and the body, a guard ring 2 Figure 21. Dia-
~gram of an ioni-

is introduced, mounted on large resistance in- . \
? t & n zation chamber

sulators 4 (amber, polystyrene, etc.). The
guard ring is approximately at the same poten-
tial as the central electrode.

The ionization currents produced in the chamber, even with ex-
~1l2

posure to large dos;g, are extremely small (on the order of 10

10“11 ampere}. For example, with a dose rate of 100 pR/sec (125

times greater than the maximum permissible dose rate), the ionization
current in a chamber 1 liter in volume will be approximately 3.3

10'-:Ll amperes. Such currents cannot be measured directly by the
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usual instrumentation. They must filirst be amplified by special radio
engineering methods. Since the ionization produced by radiation in a
given;ygjpme may be. measured by means of ionization chambers, they
are commonly used to measure the dose rates or doses of various types
of radiation.

To measure the dose produced by the Tlux, for example, of -
particles, it is necessary that the entire fange of the particles be
included in the volume of the chamberi _In this case, the entire
energy of the @-particie will be expended in the production of ioni-
zation in the chamber. The dose produced by the source of the a-
particles may be determined from the ionization current. In order to
eliminate the absorption of o-particles in the walls of the chamber,
very thin windows are used to permit the entry of a-particles intc
the iconization chamber, cor the a-active substances being measured

are placed inside the chamber,

It 'is clear that 1t 1s practically impossible to measure with
iconization chambers the dose produced by B-particles, since the
ranges in air of the B-particles are several meters long. Fluxes of
B-particles are more frequently measured by means of gas-discharge

counters.

The measurement of gammé radiation is made by means of chambers
such that the ionization in the air volume 1s caused by secondary
electrons ejected from the walls. If the wall thickness is equal to
or greater than the maximum range of the secondary electrons {(in
particular, the condition of electron equilibrium exists, see Chap-
ter 3), then having measured the ionization in the air cavity, l.e.,
having measured the exposure dose, We can determine the absorption
ol energy of the radiation in the walls of the chamber. In order to
determine the absorbed dose in blological tissues from the measured
ionization;lit 15 necessary to make the chamber wall from a material
with an atomic number close to that of biological tissue. Plexi-
glass, resite, and polystyrene serve this purpose. The inside sur-
faces of the chamber walls, made from insulating materials, are
coated with conducting aguadag.
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The number of ion pairs formed by the secondary particles in
the air volume of the chamber is proportional to the velume of the
chamber. Therefore, relatively large volume chambers, 0.5 - 5 7, /111l
are used in the measurement of small doses of radiation. Small
chambers, a few cubic centimeters or even fractions of a cublic centi-

meter in volume, are used in the measurement of large doses.

The ionization chamber may be used to detect thermal neutrons.
The chamber must be coated wilth cadmium. It 1s known that a layer
of cadmium 0.5 -1 mm thick will almest completely absorb a flux of
thermal neutrons of any. intensity. Gamma-photons are emitted as a

result of thermal neutron capture by the nuclei of cadmium.

After having properly calibrated the chamber, it 1s possible to
determine the dose or flux of thermal neutrons on the basis of the

dose produced by y-radiation.

In order to measure the absorbed dose of fast neutrons, it 1is
necessary tofEéEQEt the wall material of the ionization chamber in
such a fashion that the atomic composition is similar to that of
biclogical tissue. The absorbed dose 1s measured by means of the
ionization produced in the air cavity by the recoil nuclei formed

in the chamber walls by fhe neutrons.

Proportional counters. If the voltage applied to the electrodes

of the chamber is in the range Vp - VC (see Flgure EQ), the intensity

of the ionigation current wilill lnerease as a result of collision
ionization. As mentiocned prevlously, there is a strict proportion-

ality 1n this voltage range bhetween the number of ion pairs formed

_'rby radlatlon and thg”15€;581ty of the 1on1zatiéﬁtéa}£é55*' Ioni;g:mifw
tien instruments operating in this voltage range are known as pro-
portional counters. The gas amplification factor k is usually be-
tween 1 to 10,000, This makes it possible to measure less intense

radiation.

Proportional counters are usually cylindrical or flat. A thin

metallic wire serves as a positive electrode,
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These counters are most frequently used in the. detection of a-

radiation.

Geiger-Mueller counters. Ionization instruments operating in

the continucus discharge region, i.e., for V > Vc (see Figure 20),

are known as Gelger-Mueller counters. They are most frequently used
to detect B-particles. They consist of a conducting eylinder and a

thin metallic wire 0.1 -~ 0.2 mm thick, insulated from the cylinder.

The counters, based on the design, are divided into cylindrical

(Figure 22) and end-window (Figure 23) types. One of the ends of /112

Wire (anode)

Cathodé I Cathode

Figure 22. Diagram of a cylindri-
cal Gelger-Mueller counter

Mica

the wire in the end-window counter is X
window

unsecured, and terminates in a small
Figure 23. Diagram of an

glass ball. One end of the counter ;
end-window counter

is covered with a thin mica window,

not thicker than 5 mg/cm2, in order

to permit the entry into the chamber of low energy B-particles. A
positive potential on the order of 800 - 1000 V is applied to the
wire, while the cylinder is grounded. The counter is filled with gas
at reduced pressure (50 - 600 mm Hg). Counters filled with special
gases (halogen counters) operate at lower potentials (on the order
of 300 - 400 V).

Let us examine the discharge mechanism in the counter operating

in the continuous discharge region.

Let us assume that the charged particle (o or B) forms at least
one lon palr In the volume of the counter. As the electron approaches
the wirerhere the electric field potential increases greatly, it.
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Will be accelerated and will form a large number of secondary parti-
¢cles as a result of collisions. The accelerated secondary electrons

- will, in turn, produce ionizaticn. A4s a result, the number of elec—

trons moving towards the wire will increase exponentially. There-. .. . -

fore;'on the order of lO9 ion pairs are formed after a short perilod

of time (approximately 10”7 seconds). This leads to the development
of a se}f-sustaining gas discharge in the counter, since positive
ions will, in fturn, eject additional electrons on reaching the cath-
ode (cylinder of the counter). The latter will produce ionization

by collision in moving to the wire, forming a new avalanche of elec-
trons. Furthermore, electrons in the volume of the counter will also
produce in the gas discharge, as a. result of the ejection of elec-
trons from the cathode, ultraviolet radiation by the fransition of
atoms from excited to ground states.

During the gas discharge, the counter is unable to detect ioniz-
ing particles passing through it. Therefore, in order to quench the
discharge in the counter, a large resistance, on the order of 1000

MOhm is connected in:Serié§]with the counter. Since the disdharge

produces an electrical current in the counter circuilt and extremely
large voltage drep is produced across the resistance, the continuous
discharge is interrupted and the potential applied To the wire then
returns to 1ts original value. Affter this occurs, the counter is

able to detect the next particle passing through it. The quenching

4o lO_2 seconds. This

implies that the counter is able to detect 10,000 - 100'§értiéIéS'§

per Ssecond.

mechanism terminates the discharge in 10~

The dead time of the counter 1s the time during which the“h ﬁ

counter 1s unable to detect entering particles.

The discharge may be stopped not only by means of quehching
devices, but also by adding alcohols or other organic compounds con-
sisting of complex molecules (methane, isopentane, and others) to
the gas filling the counter {(usually an inert gas). Usually, the
counter is filled with a mixture of 90% argon and 10% alcohol vapor.

120



Organic molecules strongly abégrb ultravigliet radiapion produced
in the counter. This brings about an abrupt decrease in the number of
secondary electrons ejected by this radiation from the cathode. Fur-
thermore, there are loosely bound electrons 1n these molecules that
can be easily pulled off. These electrons neutralize the positive
ions by combining with them. The ilons of the organic molecules very
infrequently eject electrons from the cathode. As a result, the
discharge in the counter is stopped. The dead time of the self-

gueneching counter 18 on the order of lO_M seccends. It should be

noted that as a result of the abscorption of ultraviclet radiation, /114
the molecules of the alcohol disintegrate. This gradually leads to

the deterioration of the guenching properties of the mixture and to

inactivation of the counter.

The Geiger-Mueller counter is used alsoc to detect y-photons.
The detection of photons takes place primarily as a resulf of the
icnization of secondary electrons ejected from the cathode (cylinder
of the counter). It-is clear that the greater the thickness of the
cathode and atomic number of the cathode material, the greater will
be the number of secondary electrons ejected from the cathode. Con-
sequently, the efficiency of the counter will be greater, i.e., the
ratio of the number of particles detected by the counter to the
number of particles incident on the counter. It should be noted,
however, that the increase in efficiency of the counter with respect
to the y-photons will be observed conly as long as the wall thickness
is less than the maximum range of the secondary electrons. A further
increase in the wall thickness will tend to decrease.the efficilency
of the counter, due to the attentuation of the y-radiation in the '
wall of the counter. The c¢ylinder of the counter for y-radiation is
usually made either from copper or from copper-plated glass 1 mm
thick. The Y~-counting effilciency of the counters is small, and is
usuvally 1 - 2%, and in a number of cases — a fraction of one

percent.
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Seintillation method

It is known that radiation.of any type will produce ionlzation
and. excltation of atoms and molecules in passing through matter.
The transition of an atom or molecule from the excited to a ground
state takes place with the emission of photons of visible and ultra-
viclet radiation. Since in most all Sélid and liquid substances,
there is a strong interaction between indlvidual atoms and molecules,
the excitation energy of a single atom is transferred to other atoms,
rather than being emitted in the form of light. As a result, the
energy of excitation is converted to the energy of motion of the
mclecules, i.e., heaf. However, for some organic and inorganiec sub-
stances (anthracene, stilbene, zinec sulfide, naphthalene, and
others), the probability of light emission in passing to the ground
state is greater. This phenomenon is- known as luminescence. 1t is
clear that the greater the absorption of the energy of radiation,
the greater will be the intensity of light emitted in the process of /115
luminescence. Thus, by recording the number of light scintillations
or the total emitted light intensity,'it is possible to determine the
ionizing particle flux or the exposure dose. Light scintillations
are amplified and transformed into electrlcal pulses by means of
photomultipliérs. These are then amplified electronically and ap-
plied to a detector calibrated in the corresponding units of measure-
ment, The instrument, consisting of the luminescent material and
the photomultiplier is known as a luminescent or scintillation

counter.

It should be noted that for some materials, the light secintil-
lation has a very short duration, i.e., all the energy of excitation
is emitted in the form of light practically at the moment of thé
passage of radiation through the phosphor (secintillator). This

phenomenon is known as fluqrescqﬁce.
However, there are phosphors that emit only a small fraction of

the light at the €ime of passage of the particle. A large part of
the energy spent by the radilation in the excitation of the atoms and
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molecules of the phcesphor is trapped for a rather long time. This
excitation energy may be emitted at any time by the irradiation
(stimulation) of the phosphor by infrared or by visible light. Thils
phenomenon, in contrast with fluorescence, is known as phosphorescence.
Scintillators capable of storing the excitation energy are known as
flash. phosphors. Since flash phoégﬁgzﬁjﬁay emit light only after
additicnal stimulation, they may be conveniently used in dosimetry

for the measurement of the total dose of radiation delivered during

a given time period.

As a result of the improvement in the fechnology of the pre-
paratioh of various phosphors, as well as in the manufacture of
highly sensitive pheotomultipliers, scintillation metheds of dosi-

metry find ever wider practilcal applications.

Photographic method

Photbchemical processes occur in photoemulsicns as a result of
the action of radiation on photographic film or plate. As-a result
of these processes, metallic silver is deposited during development /116
in the locations where the absorption of radiation took place. 1T
the photographic emulsion is exposed to highly ionizing particles
{a-particles or protons), a track will be formed by the developed
grains along the trajectories of the parficles. The number of parti--

cles can be determined from the number of tracks in the photographic

emulsion and the energy -— from the length of thg'traCF.

The detection of f-particles and y-photons may be made from the
total blackening of photoegraphic film. In order to determine the
dose pfoduced by Y—radiatibn, 1€ is necessary to surround the film
by a layer of air or tissue equivalent material whose thickness is
equal to or greater than the range of the secondary electrons. The
blackening of the photographic film is due to the lonlzation produced
in the photographic emulsion by the secéndary electrons resulting

from the y-radiation in the layer surrounding the photographic film. i
By analogy with the ionization chamber, it is possible to determine
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-the absorbed energy and, consequently, the absorbed decse in the sur-

rounding layer as well, from the blackening of the film.

It -is possible to measure the dose or flux of fthermal neutrons
surrounded by a layer of cadmium from the blackenlng due to y-radia-

tion emitted by thermal capture of neutrons by cadmium nuclei.

The flux of fast neutrons may be determined from the number of
tracks precduced in the emulsiocon by recoil protons. In certain cases,
various substances are added to the photographic emulsion. The
nuclei of these substances capture thermal neutrons and emit charged
particles (a-particles, protcons) as a result of some nuclear reac-
tion. The fluxtof neutrons can. be determined from the number of
tracks formeq by charged particles and from the reaction c¢ross sec-
tion, i.e., the capture probability of neutrons of a given energy
by the nuclei of the substance included in the emulsion.

The photographic method 1is wldely used 1n dosimetry to monitor

the dose of y-radiation received by individual workers.

_“Chemical method —m] T e -

During the last few years, powerful sources of radlation have /117
been used for experimental purposes, 1n-particular, in the accelera-
tion of chemical reactions, sterilization of bandages and medical
compounds, disinfestation of grain, ete. The problem of measuring
very large doses of radiation, on the order of thousands and millions
of‘Roentgens, came u? in thils regard. The previously described
methods of detecting radiation are rather sensitive, and are unsuited
for the measurement of large doses. Various chemical systems turned
out to be the most convenient for these purposes. These systems de-
pend on radlation to produce one change or another; for instance, the
coloration of solutions and sclids, the precipltation of colloids,
and the evolution of gases from compounds. The most widely used
method oif the several chemical dosimetry methods that have been pre-

sently developed is the cone based on the oxidation of ferrous to
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ferric compounds, the reduction of cerium to the trivalent state,
and others. Various glasses which change their coloration under the
action of radiation are being developed, and are beginning to be

used 1n the measurement of large doses.

Dosimetric Instrumentation and

" Dosimetric Monitoring

The safety of work with radiocactive substances and sources of
radiation can be assured by organizing systematic dosimetric monitor-
ing of internal and external radiation levels of occupational workers,
as well as by monitoring the radiation level in the environment.
Dosimetric monitoring 1s ohe.of the principal mainstays of the system
of radiation safety. It -is clear that the amount of dosimetric moni-
toring (number and type of dosimeters, as well as the method of dis-
tributing them in places of work, and the frequency of measurements
of the radiation level) depends on the nature of the work with radio-
active subsatances. If the work is conducted with sealed sources of
radiation (as in industrial radiography or in gamma radiation ther-
apy), then it is enough to measure the y-radlation dose (and neutron
dose, if -there are neutron sources) at the maln and satellite build-
ings,/ at places of work that are fully or partially occupied by
occupatlonal workers. The monitoring of the radloactive contaminag- /118
tion of the air and work surfaces, of the places of work and adjoin-
ing buildings, as well as the monitoring of the contamination levelsr
of hands and apparel of workers 1s necessary i1n work with unsealed
radiocactive substances; for example, in-radilochemical laboratories,
as well as in nucleair reactors, where the leakage of radioactive sub-
stances from the system of primary shlelding or the appearance of

radioactive gases and aerosols is possible.

Radiation monitoring instrumentation may be of the fixed, as
well as of the portable type. Non-portable detectors are usually
placed in buildings where work with radioactive materials is per-
manently conducted, where radicactive sources (nuclear reactors,

irradiation facilities, etec.) are housed, where there are links
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between the primary and secondary systems of the nuclear power gen-
erating installations, where radicactive wastes are collected and

stores, ete.

The instrumentation panel of fixed radiation monitoring devices
are located in special buildings. This instrumentation is provided
with audible or visible signals which operate when a glven radiation

level 1is exceeded.

Fixed radiation monitoring instrumentation is operated continu-
ously, and its primary functicnal purpose is to signal the disrup-
tion of the normal technological processes manifested by the deteri-
oration of the radiation environment. This is evidenced by the in-
crease in eilther the dose rate of gamma or neutron radiation, or in
the concentration of radioactive gases or aerosols in places of

work or outdoors.

It is perfectly clear that according to the indicatlons of de-
tectors of Fixed radiation monitoring instrumentation regarding the
dose rate of y-radiation, it is not always possible to determine
E@Eﬁ?ﬁfégi];enough the dose received by a worker in a given building,
since the level of radiation at various peints in the bullding may
vary, especially during maintenance. Therefore, occupational work-
ers directly working with radicactive materlals must be furnished

individual dosimeters for monitoring y-radiation doses.

It was mentioned in Chapter 4 that according to NRS-69 personnel
dosimeters need not be furnished to individuals (category A) working
in a controlled zone under conditlions suceh that radlation loads are:
known to be lesslthan 1/3 of the MPD. For example, this may apply
to individuals'working at the contrel panel of a nuclear reactor or
installation, etc. However, fixed radiation monitoring instrumenta-
tion must be installed in these premises to signal a change in the
radiation environment. Timely preventive measures can then be taken
“to avoid over exposure of personnel, and to eliminate the causes

that led to a deterloration in|the radiation environment.

126

/119



It was also noted that accordingﬂto the data on the conecentra-
tion of radicactive gases or aercsols, it is practically impossible
to evaluate the intake of radioactive materials into the organism
through the respiratory system. Investigation of the radiation en-
vironment shows that: the concentration of radicactive gases or
aerosols in a building varies over a significantly wider range than
the dose rate. from y-radiation, and depends on parameters which are
difficult to determine, such as intensity of ventilation, configura-
tion and size of buildings, presence of stagnant areas, distribution
of gas or aeroscl sources relative to the exhaust area, etc. There-
fore, in those cases where there is a potential hazard involving the
ehtry of,radibactive substances into the organism, one of the prime
tasks of radlation monitoring 1s to determine the content of radlo-
active substances inside the body by means of speclal instrumenta-
tion of theiﬁﬂpe—SICh {(see page 140), or by the activity of excre-
tions (urine, stool). It should be noted that at the present time,
individual aercosol samplers have been developed, and are béing-put
to practical use. These samplers measure continuously the concentra-
tien of radicactive . aerosols in the immediate'vicinity of the breath-
ing zone of the worker. Data from individual samplers makes 1t pos-~
sible to evaluate more concrefely the uptake of radieactive materilals

by the organism of the worker.

In working with radicactive materials and sources of jonizing
radiation, the meonitoring of the radlation environment is conducted
not only by fixed, but alsc by portable dosimetri?]devices. Portable
radiation menitoring devices are used when it is necessary to deter- /120
mine the radiation level at the immediate location of work in order
to determine the permissible time of oceupancy at a glven location.
The need for determining this arises most frequently in conducting
repairs or maintenance, in the collection and transport of radioc-
active wastes, etc. Furthermore, pertable dosimetric devices are
used to monitor periodically the radiaticn environment outside the

controlled area.
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The instrumentation required to conduct radiation monitoring

may be divided intc the folloWing main types:

— devices for measuring external fluxes of radiation;

— devices for measuring concentrations of radioactive gases

‘ and zerosols in air;

— devices for measuring levels of contamination of work sur-
faces, speclal apparel, EéﬁHS} body by radiocactive substances;

— devices and methods of perscnnel dosimetric monitoring;

— devices and methods for determining the content of radio-

active materials in the ocrganism.
Examples of several types of radiatlon monitoring devices find-
ing practical applicaticn at present are described in the following

sections.

Devices for Measuring y-Radlation and Neutrons

All devices used to measure the dose of y-radiaton do not differ
much in principle from one another. They conslist of a detector made’
up ¢f an ionization chamber with a preamplifier and an analyzer block .
made up of a D.C. amplifier, power supply., and an analyzer.

In some cases, devices with gas discharge or scintillation
counter detectors are used to measure the level of y-radiatlion, as
well as the flux of B-parfticles. These devices are known as radioc-
meters., In spilte of the fact that radiometers are significantly
less accurate in measuring the dose than dosimeters, they are more

sensitive in allowing the measurement of very low radiation doses.

In order to conduct continuous remote monitoring of the radia- /121
tion environment by means of protable detectors, as well as to moni-
tor technological processes and the technical functioning of our
industry, a multi-channel fixed dosimetric instrument "Sistema" [3&]
is avallable. Tt may be modified to provide 50, 100, 150, 200, and

250 channels. This instrument makes it possible to monitor the
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dose of y-radiation, fluxes of

fast and thermal neutrons, concen-
trations of B-radicactive gases,
and o- and B-active aerosols. The
instrument has a device to record
the data from the detectors, to
signal the exceeding of a given
dose, and to maintain verbal com-
munication. Electrical signals
from the detectors are input over
cables to the central control panel
(CCP). Figure 24 shows the control
part of the "Sistema" instrument.
In order to grasp more clearly the
potentials of this system, Table

16 gives the ranges of measurements
and thresholds of the detectors
designed to measure various para-

meters of the radiation environment.

Figure 24. Control panel of

the multi-channel

and technological

device "Sistema"
8004-01)

dosimetric
monitoring

(type

TABLE 16. RANGE OF MEASUREMENTS AND SIGNAL THRESHOLDS OF THE

DETECTORS OF THE UNIT""SISTEMA"#¥
Parameter measured Measurement Signal
range threshold
y-radiation dose rate, uR/sec 5.1072—5. 108° 5J0q_5j¢,
Thermal neutrons flux density, 104—108 104—10®
neutrons/(sec . m*) T
Fast neutron flux depsity, 10s—108 105—5:100
neutrons/ (sec : m : : 2
Concentration of B-active gases, Ci/1 §- 1071107 ° | 5-30-18—0vlir
Concentration of B-active aerosols, Ci/7 S a0 Sl L
Concentration of a-active aerosols, Ci/1 AT - a2 gt

¥
Translator's note. Commas in numbers r

epresent decimal

polntan
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Figure 25. Dosimetrie signal
analyzer unit USID-12

In order to conduct fixed

Figure 26. Portable micro-
radiation monitoring on a smaller roentgen meter MRP-1

Scale, two or twelve channel de-

vices of the type USID-2, USID-12 [34] may be used. Detectors of
devices, such as USID, may be located at distances of up to 200 meters
from the control panel. Figure 25 shows our USID-12 device.

A portable type device for the measurement of dose rate of y-

radiation in work places 1s the microroentgen meter of the MRP-1 type

(Figure 26). The detector is a l-liter ionization chamber mounted
on the same chasls with the electronics and meter. It is battery

powered; 1its range is 0.5 - 5000 uR/sec.

A survey type device used to locate radioactive substances is
the radiometer SRP-2 (Figure 27). The detector of the radiometer
SRP-2 is a scintillation counter. The measurement range is 2 -
1250 uR/hr.

The radiometer RK-0l1 and its new modification RK-02 (Figure 28)
are rather convenient devices to measure the dose rate of Bf- and y-
radiation at places of work, to verify the effectiveness of the bio-
logical shields of reactors and irradiation facilities, as well as

to conduct the operational dosimetric monitoring. The sensitivity

130

~
=
o

&



of the radiometer RK-02 to
the dose rate of y-radiation
is very wlde, and ranges from
0.01 to 1000 pR/sec. In con-
trast with RK-01, the RK-02
radiometer has 5 sub-ranges
of sensitivity. Three halo-
genated counters STS-5 are
used as detectors in RK-02 Figure 27. Portable survey radio-

to measure the dose rate meter SRP-2

Figure 28. Pocket radiometer, model RK-02

down to 10 uR/sec, and one counter S1-3BG to measure the dose rate
of y-radiation down to 1000 uR/sec.

Fluxes of thermal neutrons may be measured by any of the de-
scribed dosimeters or radiometers. The detector of the devices must
be covered with cadmium covers, and two measurements must be made.
The measurement with the jacket determines the dose rate due to y-
radiation and thermal neutrons. Without the cover, the dose rate
is due to y-radiation alone. Once the instrument has been calibrated
with thermal neutrons, the dose rate (or flux) of thermal neutrons

may be determined from the difference 1in readings.
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The remote monitor-

ing of the flux density

of thermal neutrons,
intermediate and fast

neutrons, in the pre-

sence of a y-background

may be made by means of
the neutron radiometer
of the type "Midiya"
(Figure 29). The device

consists of an analyzer

and five types of de-

Figure 29. Neutron radiometer "Midiya"

tectors. The radio-

meter includes . . .*

and has an output jack for use with a plotter to record data. The /126
range of measurements of the flux density of thermal neutrons 1is

lOLl - 10lD neutrons/(sec ° mg); intermediate neutrons — (0.03 - 1

MeV) — 105 - lO9 neutrons/(sec - me); and fast neutrons — 1 - 14

MeV) — lO5 - 109 neutrons/(sec - me).

The dose rate of neutrons, from thermal to 20 MeV energies,
may be measured by a neutron dosimeter of the type DN-1A. The device
has four sub-ranges which permits the measurement of dose rates in
the range from 3 - 3000 mrem/hr.

In conclusion, some mention should be made of the all-purpose
radiometer, model RUS, for the measurement of the neutron dose of
any spectral composition, including intermediate neutrons. This de-
vice has detectors capable of measuring the dose rate of y-radiation,
fluxes of fast and thermal neutrons, the level of contamination of
surfaces by a- and B-active substances in the presence of y-back-
ground of up to 40 R/sec (Figure 30) [36].

*
Translator's note. Apparent omission in the original foreign text
at transition from page 125 to 126.
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Furthermore, the device
Model RUS has a detector which
is also capable of determining

the Srgo

As a result, the content of

activity of teeth.

this isotope in the organism
can be evaluated. The device
is battery powered; the mass
of the device without the

counters is 5 kg.

Measurement of Atmos-

pheric Contamination

by Radiocactive Aerosols

Since mean annual permis-
sible concentrations of atmos-
pheric radioactive aerosol
contaminants in the work
buildings are very small, it
is not possible to determine
directly the activity of aero-
sols in air by any glven

counter.

on small areas of various filters.

Figure 30.

All-purpose scintilla-
tion radiometer RUS-T:

1l — detector for measuring con-
tamination of surfaces by B-active
materials; 2 — moderator covering
the radiometer 6 in measuring the
flux of intermediate and fast
neutrons; 3 — moderator for use
with radiometer 6 in measuring the
dose rate of mixed spectrum neu-
trons; 4 — measuring panel of the
instrument (a gas discharge count-
er SI-10BG 1s mounted on the panel
to measure the dose rate due to
Y- radiation); 5 — electromech-
anical scaler; 6 — radiometer;
7 — detector for measurement of
thermal neutrons; 8 — cadmium
jacket

Therefore, it is necessary to concentrate aerosols in air

Knowing the volume of the fil-

tered air and having determined the activity of aerosols deposited

on the filter, it is possible to determine the concentration of aero-

sols in air.

others may be used.

Paper filters, cotton, special benzene filfers, and

One of the best filters is a special tissue,

Model FP, which almost completely traps all aerosols, l1.e., it has a

low transmission ccoefficient and is not very thick.

flow rate for these filters is 1 1/(min + cm2).

The optimum
This flow rate

give a minimum transmission coefficient.

Any set of instruments for the determination of the concentra-

tion of radioactive aerosols consists of the following basic
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components: detector with filter, device for measuring the flow
rate of air, air pump, and counters for determining the absolute

activity of aerosols deposited on the filter.

Fixed devices for continuous monitoring of the conentrations of
o— and B-radioactive aerosols in the alir are the aerosol radiometer
models ARS-2 and RA12S-1 (Figure 31) [34, 35]. In these devices,

Figure 31. Aerosol radiometer RAl1235-1

the aerosols are sucked in through a continuously moving filter

ribbon by the air collector. The activity of the aerosols deposited

on the ribbon is recorded by detectors of a- and B-radiation. Pulses

from the detectors are channeled to the signal analyzer. The instru-

ment has a plotter and a device that provides a signal whenever a

given concentration of radicactive aerosols is exceeded. An auto- f129
matic v-background subtraction of up to 1 mR/hr is provided. The

filter ribbon may be moved with a velocity from 0.1 to 10 mm/min.

At a ribbon feed rate of 0.5 mm/min, and an air flow rate of 100

1/min, the range of measurements of the a-active aerosols 1s between

lO_lLl - 10"10 Ci/1, and B-active aerosols — 10'13 - 10_lO Gi1/2.
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Figure 32. Portable RV-4 unit Figure 33. Personnel alr

for the measurement of the sampler for measurement of

radiocactive aerosol concentra- aerosol concentration
tion 1n air

Instrument Model RV-4 (Figure 32) is used as a portable unit to

measure the concentration of a- and B-active aerosols. It 1s powered

by connection to an A.C. line.

The personnel sampler (Figure 33) is used to measure the con-
centration of radicactive aerosols in the immediate breathing Zzone
of the worker. ©Standard filfers are used to collect the samples.
The unit consists of a filter holder in the shape of a light alumi-
num box, and a membrane pump.

Devices for the Measurement of Surface

Contamination

The contamination of surfaces by radioactive materials 1s meas-
ured by the number of o- or B-particles emitted from a given area of
the contaminated surface. This is convenient, since correction fac-
tors, which are difficult to determine, are not required for back-
scatter and selfabsorption of wa- or B-particles in the active layer
of the contaminated surface. At the same time, the calibration of
instruments is simplified, and a rapid determination of the surface
contamination can be made.

ORIGINAL PAGE IS
OF POOR QUALITY 135

/130



Figure 34. All-purpose radiometer
model TISS for measurement of con-
tamination of surfaces and clothes:

1 — measuring panel; 2 — detector
TG for measurement of contamination
by B — y-active substances; 3 —
detector TYu for measurement of
contamination by a- active substances

Figure 35. Su-1 unit for
Detectors of instruments designed measurement of contamina-
tion level of radiocactive
substances on special ap-
tamination are usually gas discharge parel and body

for the measurement of surface con-

or scintillation counters. The most

widely used instrument is the all-purpose radiometer model TISS, with
3 detectors. The detector model TG, with 3 counters 3T3-6, is de-
signed for the measurement of surface contamination by B- and y-
active materlals, the detector TYu is an air filled proportional
~counter for Ghe m@agurement of contamination of surfaces by o-active -

" materials {Figuﬁefﬁi)ﬁ The meaﬁurea area of these se detectors is

150 cmz- The third detector of the instrument TIs2, TI,

scintillation counter with a photomultiplier to measure the con-

tamination of small surfaces by a-active materials; the sensitive

arga_is 23 cme.rl

To measure the ccntamination level of spe01a1 apparel and body,‘”w
the Su-1 unit is currently used. This unit automatically signals /131
whenever the level of contamination of the body and apparel by B- active
materials is surpassed. The detectors of the unit SU-1 are gas dis-
charge counters STS-6 (Figure 35) [35]. The unit SU-1 is usually
placed at the exit from the controlled zone and from the sanitary
passage.
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Methods of Individual Dosimetric Monitoring

In working with radiocactive materials, 1t -is important to know
the dose of radiation received by the worker during a glven fime
period. On the basis of these data, one may determine the action of
radlation on each individual worker. Personnel or, as they are
known, pocket dosimeters are used to conduct personnel dosimetric

monitoring. These are attached to the apecial apparel..

Fersonnel dosimeters using special fypes of photographic film
(method of IFX and IFKU), small ionization chambers (method IDK),
and thermoluminescent crystals {method IKS) are currently used to
monitor y-radiation [37 - 39]7.

The photographic dosimetric monitoring is based on the compari-
son of optical densities of the darkening of the film with control
films which were exposed to known doses of y-radiation. The photo-
graphnic fiim 1s placed iﬁ; a gspecial light-proof plastic cassette.
In order to eliminate the dependence of the film darkening on the
energy of radiation (on hardness), the cassette is surrounded by a

lead filter 0.75 mm thick, The degree of darkening of individual and.

control films, after development and fixing, is determined by a
densitometer., '

The construction of the cassette is modified in IFKU {37]; this

modification'makes it possible to record on photographic film not
only the dose delivered by y-photons, but by B-particles and thermal
neﬁfgpns as well. Figure 36 shows the external appearance of the
IFKU cassette, which consists of'a body, filters pressed into it,
-lock covers, and pins for fastening the cassefte to the clothes.

o hpgpending upon the specific work, the cassette is given out for
. one of two Meeks,kand'sometimes even for a month, i.e., this method
is capable of determining the integral dose of radiation received

by the workers while wearing the cassette.
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The photographic method of
personnel monitoring is capable
of determining radiation doses
between 0.05 to 2 rem, by using
RM-1, "Roentgen XX", and "Agfa"
film. The upper limit of meas-
uring dose may be increased to
15 - 50 rem by using RM-5-3
and RM-5-4.

Figure 36. External appearance

Personnel dosimetric moni- of the IFKU cassette

toring is also carried out by

means of small ionization capacitor chambers. Before being handed
out, the chamber is charged to a given potential. Ionization is
produced in the chamber by radiation, and as a result the potential
is decreased. The dose recelived by the worker is determined from the
difference between initial potential and the resulting potential
after exposure in an area subjected to radiation. The charging of
the chamber and the determination of the potential after exposure
is made in a special measuring unit. Figures 37 and 38 show the
general appearance of the charge-measuring unit and the capacitor
chambers, which are included in the KID-1. These chambers are cap-

able of measuring y-radiation in the range from 0.02 to 2 R.

Figure 37. Charge-measuring Figure 38. Capacitor chambers
unit KID-1 of the KID-1 unit
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In addition to the KID-1 personnel dosimetric monitoring instru-
ment, other lonization chambers KD-1, ID-1, DK-02, and others are
used. They differ in the range of measured doses and in a few struc-
tural detalls of the chambers and measurihg}panel.
— Y
The method of personnel monitoring IKS, developed recently, /134
appears to be rather promising [38, 39].

The detector of radiation 1s a special type of so-called thermo-
luminescent crystals. Under the action of radiation, the molecules
of the crystal pass to an exelted state. This excitation energy is
stored in the crystal dosimeter, and is extracted in the form of a
light pulse after heating the desimeter to a temperature of 300°.

The received radiation dose may be determined from the intensity of

the light pulse recorded by special instrumentation.

The advantage of thils method, in contrast With other methods of
personnel dosimetric control, is the'large range of measured dcoses
(from 0.1 to 1000 rad). This property makes it possible to use the
method in cérrying out repair operation, as well as in determining
the dose delivered over a large period of time (months, years) as,
for eXample, during the cruise of the atomie iceﬁreakef "Lenin'. _
-Furthermore, the advantage of the method consists 1n that the dosi-
meter stores almost forever the absorbed energy of excitation. The
readings of the dosimeters are practically independent of the tem~
perature and humidity at which {hey were exposed.

Monitoring of Internal Exposure

In nuclear reactors or in radiochemical laboratories, the poten- /135
tial hazard exists that radiocactive materials may penetrate intoc the
organism as a result of violations of the safety rules. Therefore,
along with doses produced by external fluxes of radiation, which -
may be determined by personnel dosimeters, 1t is important to know
the dose of internal exposure, which may be calculated if the com-
position and quality of the radicactive materials located in the
organism are known.
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The content of radioactive materials 1in the organism may be
determined by the measurement of the activity in excretions (urine,
stool). It is known that the permlssible amount of radioactive
materials in the organism iIs very small, and varies for different
isotopes in the . range from tenths to tens of microcuries. It is
clear that the excretions contain a small portion of the total actl-
vity in the whole body, a quantity which is rather difficult to
measufe. Thérefore, the radiometric measurement of excretions is
only made in accident situations, when fthe possibility exists of the
entry into the organism of a significant amcunt of radiocactive mate-
rials. 1t should be noted that this method, in spite of its low
sensitivity, is the only available one for the determlnatlon of the

G-gctive 1sotope .content in the organism.

At present, several highly sensitive instruments of the type
SICh (counter of radiation from humans) have been deveéloped to deter-
mine the content of B- and y-active isotopes in the organism. Large
areas (140 - 200 mm diameter) scintillation crystals or liquid organic
sclntillators, surrounded by massive shielding to reduce natural
background and, therefore, to increase the sensitivity of the in-
strument, are used to deteot radiaticn.

The personMEEJin a chamber between detectors, which are brouéht
as close as possible to the body to increase the sensitivity. The
identity of the isotopes in the body 1s determined from the spectrum,
while the activity is defermined from the intensity of radiation.
0060, KMO) is
SR

The activity of yv-actlve emitting isotopes (C8137,

determined directly, the activity of B-emltting isotopes (P32,
— from their bremsstrahlen radiation. Instruments of the SICh'type
may be used to determine hundredths parts of the permissible amount
of radioactive substances inside the organism [407].
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CHAPTER 6

ORGANIZATION OF OPERATIONS WITH RADIOQACTIVE SUBSTANCES
AND RADIATION PROTECTION

In working with radiocactive substances and sources of ionizing
radlation, the proper organization of operations providing for the
safety of the staff, individuals from the population, and the popu-
lation as a whole 1s of primary importance. The proper organization
of operations with radioactive substances means specifying the set
of measures for ensuring radiation safety, for which the radiation
load from sources of external and internal radiation does not exceed
the régulation maximum permissible dose (MPD) or the limits of doses
for the corresponding categories of individuals and groups of criti-
cal organs. These measures include the creation of protection from
external radiation flux, the prevention of the propagation of radio-
active substances into working areas and into the aﬁEikonment,‘the
preper planning and isolation of accommodations, the organization of
the required radiation monitering and healthful conditions, the pro-
vision of the required conditions for transporting radiocactive sub~
stances, the collection and burial of radicactive waste, the use of
individual shielding metheds, the performance of decontamlnation

operations, etc,

The guliding document regulating the requirements for providing
! padiation safety in working with radloactive substances and sources
. of lonizing radiation is "Basic Health Rules for Working with Radio-
active Substances and Other Sources of Ionizing Radiation", ESR-72
"No. 950-27 [28].

The creatlon of ESR-72, in place of "Health Rules SR-333-60"

[20] previously in effect, resulted from the necessity of correcting

a number of provisions in connection with the Implementation ofy
NRE~69. Moreover, on the basis of accumulated experience in working

with radioactive substances and sources of jionizing radiation, it
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E:appeared necesgsary to review and refine a number of provisions of
the rules previously in effect. In particular, the values of the
regulated dose intensity behind shielding for accommodations for
various purposes are recohnsldered in E§BLT2, and also the allowable
levels of contamination of individual shielding methods; a number of /337

—_——

provisions are made more precise, which touch on the arrangement of
laboratories, enterprises, and institutions where operatidns are \
carried out with radiocactive substances or sources of ionizing radia-
tion,| the processing and burial or radicactive waste, the organiza-
tion of radiation monitoring, the requirements on decontamination of

working areas and equipment, etec.

.The most general provisions providing for radiation safety,
wihich are appropriate and compulsory for all enterprises and insti-
tutions where operations are carried out with radiocactive substances

-and sources of lonizing radiation are discussed in‘ggﬂ-TE. Thus,
they are called "Basic Health Rules".

It is quite obvious that development, addition or change in the
individual provislons providing for radiation safety can be required,
depending on the specifics of the operation. Hence, 1t was indicated
in the intrecduction to ESE-72 that, on the basis of the present
"Rules" and NRS-69, the Ministries and Departments must develop new
rules or introduce changes 3in the existing rules according to the
individual problems of performing operations with the use of radio-

actlve substances and other sources of ionizing radiation [28].
The basic requirements on providing radiation safety are briefly
discussed 1n this chapter, and an interpretation is given on the most

important, from out point of view, provisions of BER-72.

Protection from External Radiation Flux

For any operations with radioactive substances, manbis subjected
to the effect of lonizing radiation. Consequently, the problem con-
slsts of creating protective enclosures which would decrease the dose
of external irradiation to the maximum permissible level.
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In view of the fact that the range of gkparticles emitted by
radiocactive substances 1s very small, it is not necessary to indicate.
protection from external irradiétion by uw-particles, even if opera-
tions are carried out with exposed radicactive substances. It 1s
sufficient to be leccated at a distance of 9 - 10-cm from the radio-
active preparation, and no c-particles will strike the worker, since
the range in air of a-~particles emitted by radicactive substances
does not exceed 8 - 9 em. Clothes and rubber gloves are complete’

protection from external irradiation by o-particles.

In order to protect the worker froﬁ external irradiation by B-
particles, it is necessary to carry cut operations with radiocactive
substances behind special screens or in special shielded cabinets.
The thickness of the prctective screens must be greater than the
maximum range of the B-particles. B-active substances should be con-
tained in vessels or contalners with the appropriate wall thickness.

Flexiglass, aluminum, or glass are used as shielding materials.

~ The shielding thickness can be determined from the following
approximate formula:

d = (0.54E__ - 0.15) gn/en?, | (53)

where Emax is the maximum energy of the B-spectrum of the given radio-

active 1isotope, MeV.

The situation is more complex with the creation of protection

. from exfernal flux of y-radiation and neutrons, whose penetration is
significantly greater than o~ or B-partlcles. Moreover, as was indi-
cated in Chapter 2, in contrast to o- and B-particles, it is impos-
sible to completely absorb y-radiation and neutrons, and they can
~only be attenuated by a specified number of times.

Shielding from y-radiation and neutrons 1s rather cumbersome,
and its thickness can reach several tens and even hundreds of centi-
meters — for example, nuclear reactor shielding. Thus, it is recom-

mended shielding design take into account the purpose of the adjacent



locations, the occupation time by workers, and alsoc the category to
which the irradiated personnel belong. The shielding must then be
designed with a safety factor of 2. Thus, the dose rate behind
shielding F must equal:

P ="—2-I-:—\ mrem/hr, (54)

where D is the dose (mrem/week) corresponding to the MPD for the .
given category of personnel [28]. Let us consider, for example,

the maximum dose rate behind shielding in a location where workers
belonging to category A are found no more than §{ = 18 hcurs per week,
i.e., for which the MPD equals 5 rem per year, or. accordingly, D = 100
100 mrem/week. It -follows from'Expression (54) that:

bzf_miﬂzgﬁ mrem/hr.

2008

TABLE 17. DESIGN DOSE RATE P BEHIND SHIELDING IN AREAS
OCCUPIED BY PERSONNEL (CATEGORY A}

Purpose of area mrgﬁ/hr
Areas of continuous occupation (t = 36 hr/week) 1.4
Areas in which the occupation time by personnel
t < 18 hr/week 2.8
Unattended areas 28
Any other areas of a given institution C . 0.1

Table 17 presents the design dose rates P, regulated by EEEF?E, /139
behind shielding for areas continuously occupied by personnel (cate-
gory A) for a 36-hour QEEEL areas where personnel are located no more
than half the working day (t < 18 hr/week), and also for unattended
areas and any other areas of a gilven enterprise or institution. Un-
attended areas include pits, isclation cubicles, and cother areas in
which there are sources of radiation — for example, the tubing sys-
tem of a reactor, etc. — where personnel go sporadically for per-
formance of repair operations only.
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As already indicated, for other times t of personnel cccupatiocon
in areas, the design dose rate behind shielding is calculated from
Formula [54].

it fellows from Table 17 that the regulation dose rate behind
shielding in unattended locations is 20 times higher than in areas of
continuous occupation by personnel. This implies that if over one
year, the time of operation in these locations does not exceed 1.8
hr/week (or ~ 94 hr/yr), then the annual radiation load (without
consideration of the safety factor) does not exceed 5 rem. Situa-
tionsg can arise when operations are required to be carried cut in un-
attended locations for a time greater than that for which the radia-
tion load equals the MPD. In this case, measures should be taken for
supplementary screening of the radiation sources, or the operation

time should be regulated in an appropriate manner.

According to NRS-69, in. organizing operations with radiocactive /140
substances and sources of loniging radiation, and in designing shield-
ing for personnel working at a. giwven enterprise or institution.in the
vicinity of areas where work with radiatiocn is carried ocut, one should
gtart from an irradiation dose of 0.5 rem per year, i.e., one should
take D = 10 mrem/week in Formula (54). Consequently, in any loca-
tlons of a given enterprise or institution where work 1s not carried
out directly with radiocactive substances, the dose rate behind shield-
ing must be 10 times less than in areas of continuous occupation by
personnel, and equals 0.14 mrem/hr, or (rounding to the first signi-
ficant digit), 0.1 mrem/hr (cf. Table 17).

In locations and on the grounds within the =zone under supervi-
sion, the design dose rate is regulated to be 0.03 -mrem/hr, i.e.,
about 40 times less than for locations of continuous occupation by
personnel [28]. Eﬁﬁﬂlevel is established starting from the fact that
the MPD for individuals from the population is 10 times less (0.5 rem

per year) than for personnel, and an occupation time t = }24 hr/day.l--
i.e., about 1 times greater than in locations of continuous j B

occupation by personnel.
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In deslgning shielding of areas where, for example, gamma-
therapeutic or defectoscopie installations are located, one should
take into account the possible direction of emission of the radiation
beam, and design protection from direct radiation only in these
directions; in the other directlons 1t 1s sufficient to provide pro-

tection only from scattered radiation.

Along with the requirements imposed on the dose rate in adjacent
locations, 1t 1s indicated in'EéEFTE'that for technological monitor-
ing devices, which must often be used under operating conditions in
publiec areas, the dose rate at a distance of 1 meter from the device
unit with the radiocactive source must not exceed 0.3 mrem/hr., If
one is located at this distance for the entire working day (t = 6
hr/day of 36 hr/week) for the entire year, i.e.; 52 weeks, then the
annual irradiation dose with equal D = Pt=03 .36 - 52 =500 mrem, 1.e.,

the MPD for individuals from the population.

Thus, in using equipment and apparatus at a distance of 1 meter
from which the dose rate of 0.3 mrem/hr is prcduced in. working and
non-working conditions, there are no special requirements on the

areas and position of the equipment.

The allowable dose rate close to such eguipment 1s 10 mrem/hr,
according to%E%ﬁ-TE.

If the dose rate from irradiating equipment exceeds 0.3 mrem/hr
at a distance of 1 meter from the protective case, such equipment
must be located in special areas, preferably in separate structures
or a separate wing of the structure. There are then no special re-

guirements imposed on the finishing of the areas.

In order to provide access to the area where the ilrradiating
equipment (gamma-therapeutic or defectoscopic) are located for place-
ment of the source in the storage condition (the equipment is shut
off) and to carry out the necessary adjustment or repair operations,
the regulated dosé rate at a distance of 1 meter Ifrom the protective
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case must not exceed 3 mrem/hr, which;99r§g§ggqg§_§9_§“prm39;_pé?f\

sonnel of 5 rem per year.

The control panel of irradiating equipment must be located in
an adjacent area. The entrance door to the area where the equipment
is located must be provided with a blocking device which prevents
entry to the area when the equipment is operating. Moreover, a
device must be provided for the forced remote transfer of the source

to the storage condition in the event of any emergency [28].

In calculating the shielding devices, it is necessary to take
into account primarily fhe spectral composition ¢f the radiation, its
intensity, and also the distance from the source at which the service
personnel are located, and the occupation time within the sphere of

influence of the radiation.

One can calculate the shielding thickness by using the attenua-
tion law for a wide beam of y-radiation [c¢f. Formula (27)]

There are well known at present attentuation tables based on
avallable calculation and experimental data, and also variocus types
of nomograms which permit determining shielding thickness for y-

radiation of various energies [6 - 11].

In principle, one can use any substance as material for shield-
ing from y-radiation. However, in selecting a shielding material, /142
it is necessary to supervise its structural properties and alsc the
requirements on the dimensions and mass. For the protective case of
various types of equipment (gamma-therapeutic or gamma-defectoscopic),
where the mass plays the essentlal role, the most favorable shielding
materials are those substances which best attenuate y-radiation.. As
was shown in Chapter 2, the greater the density and atomic number
of the substance, the higher the degree of attenuation of y-radiation.
uranium. In-this case, the shielding thickness is less than with the
use of another material and, consequently, the mass of the protective

case is also less.



In creating stationary shielding (i.e., shielding of the area
where operations with gamma-sources are carried cut) which provide
safe occupation by persons in adjacent rooms, it .is most eéonomical
and suitable to use concrete. If we are dealing with lohg-wave.
radiatlon, where the photoeffect plays the essential role, substances
with large Z, in particular, barité, are added to the concrete, which

permits decreasing the Shielding thickness.

High-power equlpment for radiation processing of wvariocus sub-
stances (sterilization, insect extermination, radiochemical processes,
etc.) have found wide applicationmin recent years. They ususally
‘consist of two basic units: a chamber where the irradiation is car-
ried out, and a storage vault where the preparations are placed after
the irradiation cycle. Concrete is usually used for the chamber
shielding. Water is often used as the shielding material for the
storage vault, 1.e., the preparations are immersed in a basin with
water, whose thickness provides the required decrease of the radia-
tion dose to safe levels. It is more convenient to carry out loading
and reloading of the equipment, and also fo perform repair operations

- With water shielding.

In some cases, the conditions for working with sources of y-
radiation can -be such that it is impossible to create stationary
shielding (for reloading the equipment, recovery of the radioactive
preparation from the container, calibration of the device, gamma-
defectoscopy with an exposed source, etc.)f Bear in mind. here that
the source activity is small. In order that fthe personnel be safe
from irradiation, one must make use of, as is said, "protection by
distance" and "protection by time'". This means that all manipula-
tions with exposed sources of y-radiation should be carried out with
the help of long tongs or holders. It is known that for sources of
small linear dimensions, the radiation dose decreases inversely pro-
porticnally with the square of the distance. Moreover, any opera-
tion must be carried out only for that interval of time during which
the dose received by the worker does not exceed the estaﬁlished
value (cf. Chapter 4). It is necessary to carry out such operations

under the control of a radiaticn supervisor. Then extraneous persons
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must not be found in the area, and it is necessary toc enclose the
zone where the dose exceeds the maximum allowable over the operating
time,

If the source activity is;lgggﬂ%han 0.1 mg-equiv Ra, it is not
necessary to provide any shielding measures. One can operate with
sources of actlvity up to 10 mg-equiv Ra in ordinary locatilons not
having special protective walls and floors; shielding is provided
(in the form of screens or "protection by time" and "protection by
distance") only for persons directly working with the radiation
sources. '

Lt should be noted that 1t is necessary to carry out periodic
monitoring of shlelding with the help of dosimetric devieces, since

it can partially lose its shielding gualities with time beggggﬁ of
the appearancetgfgsome insignificant failure of its integrity, for
example, cracks in concrete and barite-concrete enclosures, dents

and cracks in lead sheets, etc.

Calculaticn of.neutron shielding 1s carried out from correspond-
ing' formulas or nomograms. Substanceg with small atomic number
" should be taken as the shielding materials in this case, since with
gach collision with a nucleus, the neutron loses the larger part of
its energy, the closer the mass of the nucleus to the mass of the
neutron (ef. Chapter 2). Water and polyethylene are ususally used
for neutron shielding. By losiﬁg its energy In the shielding during
the process of interaction with atomic nuclei, the fast neutron is
converted inte-a thermal neutron, which 1s captured by the atomic
nuclei, Qﬁﬁﬁ]then emits a. y-quantum. There are no pure neutron beams
in practice. As 1is well known, neutron sources are nuclear reactors,
accelerators, and radium-beryllium preparations. Besldes neutrons
in all these sources, there is intense y-radiation, which is formed
in the reactor during the fission process, and also because of the
decay of fission products. In accelerators and radium-beryllium /lnly
preparations, y-radiation occurs with various nuclear reactions.

Moreover, the decay products of uranium emit y-guanta. Thus, in
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designing neutron shielding, one nust always simultanecusly provide

yYy-radiation shielding.

Organization of Operatlons with Radicactive

Substances 1n Exposed Form

In the preceding sectlion, we considered problems of shielding
for operations with closed sources of radiation, i.e., when man can
be subjected only to external irradiation. Here, the main regquire-
ment on providing safe working conditlions 1s the installation of pro-
tective enclosures which provide a decrease of the dose of external
radiation flux at the working areas and in adjacent locations to the
maximum allowable levels, or the use of "protection by time" or

"protection by distance", in order théﬁ]an over-irradiation of the

service personnel does not occur during performance of some operation.

Radicactive subsfances are also used In exposed form‘;;-fdf'”_
example, inFradiation-chemiqal operations, extraction of some isotope
from a mixture of radloactive products, preparation of radicactive
solutions, the use of isotopes in the tracer method, experimental

works related to iﬁggéﬁlatiaif]of animals wilth radicactive substances,

etc. In these cases, the incidence of radioactive substances within
the organlism 1s possible, in addition to the external irradiation.
Thus, in operations with radioactive substances 1n exposed form,
along with the organization of external irrgaiation shielding, one
-should provide a set of measures preventing radiocactive contamination
of the air and surfaces of the working and adjacent areas, clothing
and skin, and also objects of the environment. This set of measures
must certainly also be provided at nuclear reactors and radiochemical
factories, where there 13 potential danger (in particular, in per-
forming repair bperationg) of the pehetration of radioactive sub-

S .

“Stances into the working areas and into the environment. These re-

quirements are discussed in detail in PSRLT72.
One of the important measures in providing radiation safety
when working with radiocactive substances in exposed form is the

appropriate planning and finishing of locations, for which the

/150 ]
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propagation of radiocactive substances over other areas 1ls made as
difficult as possible. Operations with radioactive substances

should then be concentrated in one part of the structure, and passage
through these areas reduced to a minimum. The finishing and equip-
ment of the areas mugt ensure thelir simple decontamination. More-
over,lfSR-?E imposes a number of requirements on the ventilation
system, organization of the working places and technological condi-
tions, on the system for ccllection and dispbsal of radiocactive
waste, observance of personal hyglene, ete., which permits eliminat-
ing'the poessibility of the incidence of radiocactive substances within
the organism, and thereby provides safe working conditions. These
reguirements depend on the nature of the work being carried out with
some radicactive isotopes, their activity, and also the group of

radiotoxicity to which these isotopes belong (cf. page 107 .

Operations with radicactive isotopes are divided into three
classes, depending on the radiotoxicity of the isotope and its acti-
vity at the working place. For each class of operations, there are
corresponding requirements imposed on the finishing of the lccatlons
and on other health measures which must be observed. Table 18 pre~
sents the activities at the working place for the various classes of
operations, depending on the radictoxzicity group to which the gilven
isotope belongs.

TABLE 18, ACTIVITY AT WORKING AREAS FOR VARIOUS CLASSES
OF OPERATIONS, uCi [28]

Radio- Class cof operations

toxiclty

group. I 1I 111
A More than 101‘l From 10 to 10u_ From 0.1 to 10
B More than 10° |From 10° to 10°| From 1.0 to 102
c More than 10°|From 103 to 10°| From 10 to 103
D More than 107 |From 10" to 107 From 102 to 10%
'E More than 108 From 105 to 108 From 103 to 105




When it is possible to select the radiocactive substances for /146
operatlicns, the substance of least radilotoxicity should be used.
Moreover, it is necessary to limit the operhtion such that the amount
of the substance at the working place is the minimum necessary. for
the gilven operation. It is also recommended to reduce as much as
possible the number of such operations as interspersion of powders,

sublimation, etc., which are related to losses of the radiocactive

substance.-|

Class IIl operatlons can be carried out at the same locatlons In
which operations with stable isotopes are carried out. The finish
of the lcocations must be the same a4s in ordinary chemical laboratories
_(the walls are painted to a height of 2 meters with oil point).
Apparatus for washing and isolating locations for storage and packing
of radicactive substances and solutions is recommended. Jperations
with radicactive substances should be carried out on separate tables
or even in separate locations. To provide easier cleaning of an area
from possible radiocactive contaminations, it is desirable (but not
compulsory) to cover the floor, and also the laboratory tables, with
linoleum, plastic, or other nonabsorbing materials. Operation with
volatile, gaseous, or powdered radioactive substances is suitably
carried out in exhaust hoods of the ordinary tjpe. In order to
eliminate contamination in the hood, it is best to have special trays
which are easily washed. Service personnel must be provided with
coveralls and caps of bleached moleskin, and also rubber or vinyl

chloride gloves.

Speclally equipped lsolated areas must be provided for Class II
operations. The floor should be covered with plastic, and the walls
with oil palnt to the top. Operations with radiocactive substances
must be carried out in shielded chambers (isolation cublcles) or
special exhaust hoods. Shielded chambers of various types have been
manufactured by domestic industry. They provide protection of per-
sonnel from external 8- and Yuraéiation, and also from contaﬁination
of the air of the working areas by radiocactive gases and aerosols.

Rubber gloves or various types of tongs, which permit carrying out
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the necessary operatlons with radicactive substances, are mounted
in the front wall of such shielded chambers. The outward appearance

of one of the shielded chambers is shown in Figure 39.

Shielded chambers and exhaust hoods are

equipped with ventilation. The air moves
along an independent system of air ducts,
and the removed contaminated air is cleaned
at an individual filter at the chamber or
in the exhaust hood. This prevents contami-
nation of the system of exhaust ducts and

ventilators. Underpressure must be produced

in the chambers and hoods to eliminate leak-

Figure 39. Shielded
chamber with tong

is necessary for class 11 operations to manipulators mecunted
in the front wall of
the chamber with the
of the y-radiation level in the laboratory, help of ball Jjoints

age of air into the laboratory areas. It
carry out systematic dosimetric monitoring

individual monitoring, and also monitoring

of the contamination of the air and work surfaces.

As part of the areas where class II operations are carried out,
it 1s necessary to have a saniftfary passage or shower, at the exit
of which monitoring of the contamination level of the hands and body

is carried out.

For class II operations, personnel must be provided with cover-
alls, caps, gloves, light boots and, when necessary, means for pro-
tecting the respiratory system. When performing operations with
radicactive solutions or powders, when the precbability of contamina-
tion increases, or when cleaning the areas, personnel must be pro-
vided additionally with plastic aprons and oversleeves or plastic

coveralls, and also additfional rubber or plastic overshoes.

Class I operations are carried out in areas located in a sepa-
rate part of the building, and isolated from other areas, and having

special planning which provides 1solation of the apparatus from the
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equipment which are sources of contamination of the air and surfaces,
from continuously occupied areas.

It is most rational to use a friple-zone planning.

Chambers, cublcles, unattended areas, where the technical equip- /148
ment and communications are located, which are the main sources of

radicactive contamination, are located in zone I.

Periodically serviced areas, where equipment repailr and other
operations related to opening technical equipment can be carrled out,
unlts for loading and unloading radioactive materiais, and areas for
temporary storage of radicactive waste belong to zone II.

Areas intended for continuous occupation by personnel — operge
tional control panels, ete¢. — belong to zone IIT.

A sanitary sluice 1s used between zones II and III in order to
gliminate the possibility of distributing radiocactive contamination
from zone II to zone III. There must be a sanitary passage of the
compulsory type.at the exit from zone 11T, :

In areas where class I operations are carried out, the flocors
must be covered with plastic or metlax sheets and be sloped toward
draln. traps; the walls are covered with enameled plates or plasticy
the ceilings are painted with oil paint. The service personnel are
provided with speclal underclothing, cotton overalls of moleskin or /149
Mylar fabric, and also plastic aprons or oversleeves. Dosimetric
monitoringwof the contamination of the hands and body, and alsc a

shower bath, are compulscry after operations.
All class I operations are carried out in gpeclal .chambers or
cubicles. OCperations with 1sctopes of high activity are performed.

with the help of mechanical (master-slave) manipulators (Figure 40).

Special ventilation with filters at the outlet for purifying
the air must be provided in all areas. An underpressure, with:
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respect to the third zone, must be produced in the first and second

zones in order to prevent leakage of air from the first and second

zones, where the prbbébility of contamination is greater than in

the third.

When operating with exposed radioactive substances, when the

appearance of radiocactive aerosols i1s possible in the area, the ser-

vice personnel must be provided with respirators for protecting the

respiratory system from radio-
active substances. Figure 41
shows respirators of the
single-use type "Lepestok",
and multiple-use type "Astra".
FP fabric serves as the fil-
ter for trapping radiocactive

aerosols [417.

Repair operations and de-
contamination of cubicles and
chambers are carried out from
the direction of the second
zone. When these operations
may be accompanied by high
alr contamination, they are
performed in special pressure
suits provided with an air

supply (Figure 42).

For passages from
areas for operations of a
higher class into areas for
operations of a lower class,
it is necessary to monitor
the radioactive contamina-

tion level by means of
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Figure 41.

Figure 40. Mechanical (master-
slave manipulator for operating

with isotopes of high activity
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Respirators of the type
"Lepestok" (left) and "Astra"
(right)
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individual shielding (plastic coveralls,
aprons, additional boots). After each use,
the additicnal means of individual shield-
ing (film or rubber) must then be sub-
Jected, as a rule, to decontamination in
the sanitary sluice or another specially

drained place.

Systematic monitoring of the contami-
nation level of the basic overalls must be

carried out along with this. Further use

of the overalls 1s not allowed, according
to PSR-72, if thelr contamination level Figure 42. Repair of
exceeds the values indicated in Table 15. equipment contaminated
with radiocactive sub-
stances. Workers are
The permissible levels of contamina- dressed 1n pressure
tion of the external surfaces of gloves, suits
overshoes, and additional means of indi-
vidual shielding (plastic oversleeves, overalls, coverall, etc.) are
the same as the permissible levels of contamination of the surfaces

in the working areas in which these means are used.

As for personal clothing and shoes, their contamination by
radiocactive substances is not permitted. In case of confamination
of personal clothing or shoes, they must be immediately directed to
decontamination under the control of the radiation safety service,
and in case of the impossibility of decontamination, they must be
removed and buried as radioactive waste.

Class I and II laboratories must be provided wilth special con-
tainers for the collection of solid and liquid radioactive waste,
which are periodically removed to burial points, containers for
transfer of radioactive substances within the area and
special storage vaults. In some cases, class I laboratories are

equipped with special channels for drainage of radicactive waste.
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Water faucets 1n class I and Il work areas should be equipped
with foot pedals. Conical ‘dpainage basins with rounded edges mnust
be fabricated of corrosion-resistant materials or coated with appro-

prlate films; they must also be easily decontaminated.

In order to provide cleaning of the laboratory furniture in
case of its contamination, it must be of the simplest design, with
smooth surfaces and coated with ¢il or nitro-enamel point. The fur-
niture 1s produced with tall legs for convenlence 1n cieaning .
under 1it.

It is not necessary to enumerate thé-other requirements imposed
on areas and equipment intended for operation wilth radicactive sub-
stances., They are discussed in detaill in'E§§}72 [28]. It =should be
indicated only that the correct organizatiocn of operations, system-
atic disométric monitoring, and spontanecus measures in decontamina-
tion when necessary, and also performance of the rules of personal
hygiene, are necessary.conditions for providing radiation safety
whnich permit éliminating the hazardous effects of radioactive sub-

stances on the human ocrganism.

Collection and Disposal of Radioactive Waste

With the increasing development of atomic industry and power.
the amount of radiocactive subsftances, which at present cannot be used
by man in practical activity, has also increased, i.e., the amount of
radioactive waste, which must be treated in some way and buried, /152

has I1ncreased.

According to 1ts aggregate state, radiocactlive waste can be
liquid, sclid, and gas, and depending on the scale of production or
use of radiocactive substances, their activity can vary over very '

wide limitsd from several mCi to tens and thousands of curies.

Liquid waste 1s considered radicactive 1f the content of radio-
active substances 1s greater than the MAP(lallowable for water.



S0l1id waste is considered radlcactlve if the contamination level

of the surface is greater than 500 a-particles/min, or 5000 B-

particles/min per area of 100 cmg; its specific activity (Cil/kg)
eXceeds thefMMKﬂfor water by 100 times, the specific y-equivalent

exceeds 10'7 gm-equiv Ra;x& ﬂ%é& and the y-radiation intensity close
to the surface is greater than 0.3 mrem/hr [28].

Rough calculations indicate that by 1975, the activity of atomic

10

industrial waste over the whole world will reach 10 1, and approxi-

i2

mately 10 Ci by the year 2000 [42, 43]. We note for comparison

_that_ﬁhemﬁpﬁijity of SR90 accurulated in the atmosphere as a result

of nuclear weapons testing is about 107 Ci.

Thus, in the total problem of providing radiation safety, the
serious questions are those related to the development of those
methods of treatment and burial of radicactive waste which would

_~lead to the minimum possible increase of radiocactivity of environ-
mental objects and, hence, the effect of radiation on man. With con-
sideration of the expanding scale of the use of atomic energy, works
have been intensified in perfecting such methods of treatment and
burial of radicactive waste, which have already decreased to a large

degree the penetration of radiocactive products into the environment.

In order to eliminate the penetration of gaseous radiocactive
waste into the environment, effective syastems for cleaning air of
radicactive products have been created at the exhaust of ventilation
systems at nuclear reactors, radiochemical industries, in radio-
chemical laboratories, etc. In accordance with EgﬁLTE [28], the
effectiveness of filters and the height of conduits must be such as
to provide a decrease of the contamination of atmospheric air to /153
values not exceeding the-ﬁgﬁi for individuals from the population and
the limits of external and internal irradiation doses for this cate-

gory of the population to the levels specified by NRS-69.



On of the main problems in disposing of liquilid and solid radio-.
actlve waste is the decrease of ifs volume, which simplifies its
isolation from the surrounding medium. For this reason, solid
radioactive waste (egquipment and instruments contaminated with radio-
actlve substances, rags, overalls, etc.) are compressed, which per-
mits decreasing their volume by 2 - 8 times. For a more reliable
immobilization of radicactive substancés, all compressed waste 1s
enclosed 1n cement or asphalt and then buried in special burial
grounds. Burial of such blocks at sea at a depth of 500 meters is
practiced abroad. However, the guestion has now been raised about

limiting such a method for burying radioactive waste [447.

Burning of combustible solid radloactive waste (rags, overalls,
etc.) 1s practiced at present, which permits decreasing their volume
by 40 - 50 times. The remaining radioactive ash 1s enclosed in
cement or asphalt blocks,

The methods of evaporation, chemical precipitation and ion ex-
change are used to extract radicactive isotopes and to decreése-the.
volume of liquid radiocactive waste. The high-activity pulp which is
formed is stored in special containers. However, with this method
of storage there arise a number of complex problems related to the
evelution of heat formed during the radicactive decay process, evap-
oration monitoring, and trapping gaseous precducts. Thus, the methods
of vitrification and enclosure of radicacfive pulp in asphalt or
cement have begun to be used 1n recent years, which provide a more
reliable immobilization of radibactivity and permit storage of such

‘blocks in simpler burial grounds [43, 447,

Only in our country has the burial of high-activity pulp under-
ground begun to be accomplished on an industrial scale, which practi-~
cally completely eliminates the penetration of activity into the
environment [44]. This is the most effective general;purpose method
for burlial of radicactive waste.

If liquid radiocactive waste has an activity no more than 10 /154

——

times greater than the@@?ﬂlfor water of open reservoirs and their
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ten~-fold dilution with nonradicactive sewage is ensured in the col-
lector of a given institution, then 1t can be drained in the ordinary
industrial channels. If the waste activity is higher than this and
its volume exceeds 200 liters/day, then it 1is necessary to construct
special channels with purifiqafi n installations, where the above-

mentioned waste treatment is carried out [28].

It is strictly forbldden to discharge ligquid fadioactive waste
into ponds and lakes intended for cultivation of fish and water fowl,
and also intc streams and other reservoirs whose water can enter
these ponds and lakes.

According to Péﬁ 72, special areas are isolated for burial of
radicactive waste, which are located beyond the limits of the pro-
spective development of populated areas, rest areas, sanitaria, etcj,
and no closer than 500 meters from open reservoirs. A sanitary-

protective zZone l1s created around the burial area.

It should be noted that from the moment of the creation of
_atomic industry|, the requirements imposed on methods for the collec-
tion and burial of radioactive waste have been stricter than in
other branches of industry. A4s a result, in spite of the enormous
amount of radiocactive waste accunulated up to the present time, the
radiation loads on the population caused by waste is so small that
it is difficult to measure. This indicates that existing methods of
treatment and burial of radiocactive waste are sufficiently effective.
However, taking into account the prospects for the use of atomic
energy, 1t is necessary to improve the waste treatment system to
efficiently eliminate penetration of radiocactive substances into

the environment.
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